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Abstract

The wide band gap layered semiconductors potassium titanium niobium oxide (KTiNbO 5)
and potassium hexaniobate (K4Nb6O17) along with a metal co-catalyst can be been used to generate
hydrogen fuel from water. However, ultraviolet light is required, which limits their utility in solar
energy conversion. Modification of these types of semiconductors can sensitize them to visible
light, providing a promising way to produce clean, renewable hydrogen (H2) fuel. Many
photocatalysts suffer from poor H2 production efficiencies under visible light, due to inadequate
and unstable sensitizers, resulting in photocatalysts that fail quickly.
In this research, several new high surface area dye sensitized nanocomposites were
synthsized with a unique nanosheet restacking method for use in solar energy conversion. The
nanocomposites are porous and are internally sensitized by high loadings of visible light
photosensitizer molecules. Tris(2,2'-bipyridyl)ruthenium(II), abreviated as Ru(bpy) 32+, was
successfully incorporated into porous KTiNbO5 and K4Nb6O17 frameworks. The resulting
nanocomosites are very stable under visible light irradiation and sensitizer loadings were
exceptionally high, which produced very efficient catalysts. The long-term stability and high dye
content in these structures make these nanomaterials ideal candidates for generating photocatalytic
H2 fuel from water. The strategy demonstrated here is general enough to be used for different
sensitizers and other layered oxides. 5,10,15,20-tetrakis(1-methyl-4-pyridinio) porphyrin dye, or
TMPyP4+ was also successfully incorporated into a restacked porous oxide to be used as H 2
evolution photocatalyst from water. The full chemical, morphological, and photophysical
characterization were carried out of all the materials synthesized in this work. In addition, the use
of exfoliated and restacked layered materials to create new fast kinetics ion-exchangeable
materials were explored.
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Chapter 1
Introduction
1.1 Introduction
Increasing industrialization, population growth, and new technologies have led us to
explore new directions that promote the utilization and development of all available energy
resources. Renewable energy resources are the most abundant but are the least used. Nonrenewable
energy resources like fossil fuels, such as natural gas, petroleum, and coal are depleting over time.
The burning of fossil fuels also pollutes the environment by emitting harmful gases, including
greenhouse gases. So, there is a significant need to find alternative clean energy for human society.
The amount of solar energy reaching the earth surface is 3 x 10 24 J/year.1 Hydrogen is a clean fuel
with a high heating value and it can be generated from water using renewable solar energy. The
two main technologies that have been developed to produce hydrogen energy using renewable
resources are photovoltaic cells in combination with water electrolyzers (PV hydrogen), or direct
water photolysis using photocatalysis.2 Photocatalysis is simpler and possibly a lower cost
technology than PV hydrogen for water electrolysis, since it only requires one reaction step,
compared to a system of photovoltaics plus an electrolytic system. 3

What is photocatalysis? Photocatalysis is a process that uses light to initiate a chemical
reaction by activating a catalyst. There are different types and applications of photocatalytic
processes, but heterogeneous semiconductor photocatalysis includes air purification, disinfection,
self-cleaning windows, water treatment, etc. One of the most important use of photocatalysis is to
generate hydrogen fuel using the renewable resource (light and water). The process is called
photocatalytic water splitting or water photolysis. The first demonstration of photocatalytic water
splitting was introduced by Fujishima and Honda in a photo-electrochemical system in the early
1

'70s.4 It was reported then that charge carriers (electrons and holes) were photo generated on a
TiO2 and Pt electrode, and they were able to split water into oxygen and hydrogen gas. After that
the first non-electrode semiconductor powder based photocatalysis process was introduced by
Allen J. Bard in 1979.5 The overall water splitting reaction is as follows:
(1.1a)

H2O → 1/2O2 + 2H+ + 2e-

(1.1b)

2H+ + 2e- → H2

(1.1c)

H2O → H2 + 1/2O2

E = 1.23 eV

The following diagram (Fig.1) shows a photocatalytic water splitting hydrogen generation
process on a semiconductor material.

Figure 1.1: Theory of a photocatalysis process on a semiconductor metal oxide surface.

Semiconductor materials are sometimes defined by their band gap energy. The band gap
energy is the minimum energy necessary to promote an electron from the valence band (VB) to
the conduction band (CB) of the semiconductor, resulting in a hole (absence of electron) in the
valence band and an extra electron in the conduction band. This mechanism can be used to split
water into H2 and O2. A photon from sunlight with energy equal or higher than the band gap is
2

absorbed by a semiconductor material. An electron is excited from VB to the CB leaving a hole in
the VB. The reaction of holes and electrons with water results in two half-reactions as in the
following.

H2O + 2h+ → 2 H+ + 1/2 O2 (oxygen evolution)
2 H+ + 2e- → H2 (hydrogen evolution)

Among semiconductor photocatalysts, titanium dioxide (TiO 2) is recognized to be most
suitable for the photocatalytic water splitting process due to its photo- and chemical properties,
strong oxidizing ability, and high chemical stability against photocorrosion. 6 However, the
efficiency of hydrogen generation using TiO2 is still low due to the energy wasting recombination
of electrons and holes from conduction and valence band. In addition, semiconductor materials
like TiO2 only absorb UV light, which constitutes only 4 % of the solar light reaching the Earth.
Visible light constitutes 46 % of terrestrial solar light, which is 11.5 times more than UV light
fraction.
In 1972, Gerischer introduced the theory of spectral photosensitization. 7 It has been shown
that a higher output of hydrogen production can be achieved by visible light dye sensitization of
wide band gap semiconductors. During the '90s, the discovery of the wet dye-sensitized solar cell
(DSSC) by Michael Gratzel had an extensive impact on the area of photocatalytic research.
However, the efficiency of the first DSSC was very low (less than 0.5 %). 8 It was not long after
that Michael Gratzel realized that to overcome this problem he had to change the internal structure
of the semiconductor material. The discovery was using nanostructured porous TiO 2 films, which
give very high surface areas instead of using bulk crystalline TiO2. Senistizer dyes were absorbed
as a monolayer film on top of this semiconductor surface. The DSSC efficiency changed
dramatically, reaching 7 %.9 Since then, researchers were convinced to use porous materials
containing high active surface areas to the improved solar light harvesting efficiency. In principle,
3

the direct photolysis by dye-sensitized photocatalysis process is different than that of DSSC. A
DSSC is used to produce electricity by harvesting visible fraction of sunlight, while dye-sensitized
photocatalysis process is applied to generate H2 fuel directly by water splitting. The basic principle
of dye-sensitized photocatalysis process will be discussed in the following sections.
1.2 Dye-sensitized photocatalysis
A very good summary on the principle of a dye-sensitized photocatalysis process was
reported by Mallouk and coworkers in 2008.10 The process illustrated in the following diagram:

Figure 1.2: Working principle of dye sensitized photocatalysis system

After absorbing visible light, the sensitizer dye molecule creates photoexcited electrons, it
injects electrons into the conduction band of the semiconductor. A metal nanoparticle can act as a
water reduction catalyst in the system by attracting these excited electrons in the CB of the
semiconductor. To regenerate the reduced ground state of the oxidized sensitizer molecule, a
4

sacrificial electron donor present in the system provides the necessary electrons to regenerate a
reduced dye molecule. The components of this system used were: (1) sensitizer dye (2)
semiconductor layered metal oxide, (3) sacrificial electron donor, and (4) metal co-catalyst.
1.1.1 Sensitizer dye
Tris(2,2’-bipyridine)ruthenium(II), referred to hereafter as Ru(bpy)32+ is an example of a
widely available and extensively studied visible light photosensitizer. The chemical structure is
shown in Fig. 1. It is a d6 octahedral coordination complex in which a ruthenium(II) atom is
surrounded by three bipyridyl (bpy) ligands (Figure1.2a). The 2+/3+ redox couple of this

Figure 1.3: Ru(bpy)32+ dye molecule

compound is used to shuttle electrons into wide band gap semiconductors. This dye molecule has
also been functionalized by others using various functional groups at the site of the bipyridine
ligands to facilitate attaching the sensitizer to a metal oxide surface. For example, the addition of
carboxylic acid groups created a new compound, (4,4'-dicarboxy-2,2'-bipyridine)ruthenium(II),
which will be referred to as Ru(dcbpy). The Ru(bpy) dye molecule has both singlet and triplet
electronic excited states, the initial singlet excited state is quickly converted into a triplet excited
state on the same molecule through an intersystem crossing process, resulting in a metal-to-ligand
charge transfer (MLCT), which is a transition between the Ru(II) d-orbitals to the bipyridyl
ligands.11. The triplet excited state cannot easily return to the ground state because it is a spin5

forbidden process.

This results in a long-lived excited state, which greatly improves the

probability of subsequent electron transfer. These excited state electrons can then readily be
injected into the conduction band of the semiconductor, because their energy is negative of the
conduction band. These factors contribute to usefulness of this complex molecule as a sensitizer
for a wide gap semiconductor material for water splitting hydrogen evolution reaction.
1.1.2 Layered Metal Oxide Semiconductors
Layered metal oxide semiconductors (LMOS) are attractive to researchers for their
structural flexibility. The interlayer space is available for intercalation of molecules or ions to
incorporate different optical, electrical and catalytic properties. Besides, LMOS can easily undergo
structural modifications to create different morphologies of the material. Examples include
nanotubes, nanosheets, nanoscrolls, etc.12 LMOS have unique structural formations with a network
of corner or edge sharing octahedral units, which are connected to each other. As a result, these
materials hve excellent electron transport properties. Some of the popular LMOS used for
photocatalytic process are niobates, titanates, tantalates, mixed oxides and a variety of perovskite
structures. The cations in these materials can usually be partially or completely ion-exchanged by
using strong acid solutions to create acidic solids. Subsequent reaction of these acid exchanged
solids with a bulky amine hydroxides creates a colloidal solution of exfoliated layers. 13 In this
process, the materials lose their dense stacked layered properties to transform into exfoliated
individual 2-dimensional particle units called nanosheets. Addition of a high charge density cation
to the colloids will restack the nanosheets into agglomerated and porous high surface area
materials. The random orientation of the nanosheets during restacking process creates porosity in
the structure.14, 15 Porosity is the prime feature of the high surface area as it helps the adsorption
and desorption of reactants into and onto the restacked semiconductor material. Direct drying in
the atmosphere or the application of heat will collapse the porosity and it will also affect in the
surface area of the material. Therefore, keeping the porous samples wet preserves their porosity.
If dried, the layered structure can be removed by heating the material above 300 ºC, which
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produces a topotactic dehydration reaction to create a 3-dimensional solid material with out
layers.16
1.1.3 Sacrificial donor
Addition of sacrificial donors in the photocatalysis process helps to suppress the
recombination of photo generated holes with photo generated electrons. Donors donate electrons
to the reaction process and are hence oxidized, reacting irreversibly with oxidized dye molecules,
or in the case of UV photolysis, electrons quench the photo generated holes in the valence band.
In this way the reduced sensitizer is regenerated for the cycle to repeat, thus increasing the
availability of photogenerated electrons.17 Different kinds of chemicals, inorganic compounds
such as sulfide ion, organic compounds such as methanol, ethanol, azo dyes, oxalic acid, formic
acid, acetic acid, EDTA, mono, di or triethanolamine have been used as a sacrificial donors. 18
However, as these sacrificial donors are model compounds and a laboratory convenience and they
add cost to the generation of hydrogen from water, there is still much work to be done exploring
new cost effective sacrificial donors.
1.1.4 Metal cocatalysts
Platinum and gold nanoparticles (NPs) are very effective in photocatalytic processes.
Examples include photocatalytic processes (water splitting, degradation), redox reactions of
hydrogen, oxygen, methanol, and other fuels.6 The size and shape of the NPs is important for
catalytic processes as it influences the reactivity, interparticle interactions, self-assembly,
dielectric properties, light absorption and scattering. The convenient way to deposit Nps onto
semiconductor metal oxide surface is photo deposition via reduction of ionic metals under UV
light.
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1.3 Thesis objectives:
The overall objective of this thesis work is to develop effective dye sensitization techniques
using a new class of layered metal oxide semiconductors (LMOS) to synthesize new
nanocomposite materials as photocatalysts. In addition, dye sensitization with a variety of
sensitizer molecules were tested with various metal oxides. The main focus is on the development
of efficient and stable photocatalysts that can be used to enhance photocatalytic water splitting
under solar light illumination. The specific research objectives are:
1. The synthesis of several new porous metal oxides as semiconductor photocatalysts
2. The development of internally sensitized composite materials as photocatalysts
3. The exploration of new sensitizer options which are enabled by the new photocatalysts
4. The testing of the new catalysts for hydrogen generation under visible light
5. The use of exfoliated and restacked layered materials to create new fast kinetics ion
exchangeable materials with absorbent properties
6. The full chemical, morphological, and photophysical characterization of all the
materials synthesiszed in this work
1.4 Hypothesis for photocatalytic energy conversion:
a) Heterogeneous catalysis occurs at the solid-liquid interface. Increasing the surface area
of this interface should therefore improve photocatalytic reactivity.
b) Dye-sensitization efficiencies can be improved by using the internal surface areas of
layered materials via exfoliation and restacking using cationic sensitizers.
1.5 Thesis structure and brief summary
This thesis is composed of 6 chapters. Chapter 1 provides an introduction and background
for the photocatalytic processes as well as the research objectives.
Chapter 2 describes the first successful use of Ru(bpy)32+ and restacked KTiNbO5 to
synthesize a stable, dye-sensitized, porous metal oxide semiconductor material. Through an
aqueous-phase mixing process, a solution of Ru(bpy)32+ was used to aggregate colloids of
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unilamellar anionic nanosheets, derived from the exfoliation of the layered semiconductor
KTiNbO5. The aggregates formed were porous metal oxide composite materials, with Ru(bpy) 32+
electrostatically bound within the structure of the pore walls. The new solids were highly orangecolored, due to the exceptionally high internal content of Ru(bpy) 32+. X-ray diffraction, chemical
and theoretical analyses indicate that the ruthenium dye is incorporated as a single layer between
the metal oxide sheets, and that the dye loading is maximized. The new dye sensitized
photocatalyst is referred to as RuPOX.
Chapter 3 describes the testing of the new dye sensitized photocatalyst, RuPOX, described
in Chapter 2 in water photolysis experiments with visible light (>400 nm) to generate hydrogen
gas using sacrificial electron donors and metallic co-catalysts. An entirely new metal co-catalysts
deposition method was developed. We report for the first-time platinum (Pt) or gold (Au) photo
deposition from solution using only visible light, a process made possible by the presence of the
internal sensitizer. Electron microscopy and elemental analyses revealed that the new metal
deposition process resulted in 1-3 nm nanoparticles of metal, exquisitely well distributed
throughout the catalyst. Quantum efficiencies for the new photocatalysts were 41 % for Pt-RuPOX
and 32.4% for Au-RuPOX, and the catalytic activities remained exceptionally constant for both
catalysts during 25 h stability tests. Only trace amounts of sensitizer leached out into the water
during the photolyses. It is proposed that the high degree of photo stability of the new Pt-RuPOX
and Au-RuPOX catalysts is due to the protective nature provided to the Rubpy molecules by being
sandwiched between the nanosheets.
Chapter 4 explores dye sensitization on another layered metal oxide semiconductor,
K4Nb6O17. Exfoliation of K4Nb6O17 (hexaniobate) produced colloidal hexaniobate nanoscrolls
using a soft chemical route. Theygae3342 cationic sensitizer dye, Ru(bpy) 32+, was used to restack
randomly oriented anionic hexaniobate nanoscrolls (Nb6O174-)n into clusters of nanotubes,
producing a porous solid. Sensitizer dye loading was shown to be 62.4 mg of Ru(bpy) 32+ per 1 g
of composite, which represented the maximum amount of dye loading achievable for this kind of
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nanotube in the interlayer spaces. Nanoparticles of platinum (Pt) were used as a co-catalyst in the
photocatalytic generation of H2. Loadings of 0.3 %, 0.5 % and 1% Pt by % weight were
synthesized using a unique visible light photo induced metal deposition method. The maximum
rate of H2 evolution due to visible light photocatalytic reactivity was found to be the best for the
0.5% Pt loaded photocatalyst. The characterizations of the material were carried out using different
techniques (XRD, SEM, TEM, GC-TCD) and quantum efficiency of the hexaniobate
photocatalysts were also determined.
In Chapter 5, KTiNbO5 is again used with a similar photosensitization technique to the one
described in Chapters 2 and 4 (via restacking). However instead of Ru(bpy) 32+, the sensitizer dye
used in Chapter 5 is 5,10,15,20-Tetrakis(1-methyl-4-pyridinio) porphyrin, or TMPyP 4+. Here we
found a new and unusual structural transformation of the restacked KTiNbO 5 material in the
presence of the cationic porphyrin molecule. This new composite material showed light absorption
in the visible region and very good photocatalytic activity. In this chapter the synthesis,
characterization and photocatalytic activity of the new material is presented.
Chapter 6 examines the host-guest chemistry of our new restacked nanosheet material
HPOX. The intercalation properties of HPOX were examined using the cationic dye, methylene
blue (MB+). The intercalation of MB+ into the acidic titanium-niobium mixed metal porous oxide
(HPOX) solid host was fully characterized. The novel HPOX host promoted rapid intercalation
of MB+ to produce within minutes an organic-inorganic composite (MB-POX) saturated with MB +
at a loading of 226 ±5 mg/g. Well-rinsed MB-POX exhibited a deep purple color, indicating the
high internal content of MB+. The new MB-POX materials were found to contain 40 % of the
theoretical maximum of MB+, which resulted in a compound formula (MB) 0.4H0.6TiNbO5. Smallangle X-ray scattering (SAXS) measurements were carried out and analyzed using a Unified
Exponential/Power law (UEP) model to describe the MB-POX nanostructure. SAXS analyses
indicate that the MB-POX material is composed of two phases with different layer spacings for
the restacked sheets.

Compared to MB+ in aqueous solutions, diffuse reflectance UV-Vis
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absorption spectra of MB-POX revealed changes in the absorbance maxima of the intercalated
MB+, indicating that the MB+ molecules were interacting strongly with each other and with the
oxide host. Raman and IR spectra of the MBPOX also revealed significant host-guest interactions.
The measured layer spacing between restacked nanosheets is consistent with a molecular
orientation of MB+ standing on end, tilted 49.6° away from the normal to the stacking direction.
Electron microscopy data showed that no significant morphological changes occurred during the
intercalation MB+ into HPOX to produce MB-POX.
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Chapter 2
Exceptional Sensitizer Dye Loading via a New Porous Titanium-Niobium
Metal Oxide with Tris(2,2'-bipyridyl)ruthenium(II) in the Structure
2.1 Introduction
Visible light dye sensitization of wide band gap metal oxide semiconductors has been
widely studied as an approach to capture terrestrial solar energy. The strategy is used for direct
water photolysis for hydrogen generation, dye-sensitized solar cells, and advanced photo oxidation
processes for water decontamination.19-24 Due to its long-lived photoexcited state and its high
molar absorptivity in the visible spectrum, tris(2,2'-bipyridyl)ruthenium(II), abreviated as
Ru(bpy)32+, has been studied extensively as a visible light sensistizer for heterogeneous metal
oxide wide band gap semiconductor-based photocatalysis. 19,

20, 25

In general, long-lived

photoexcited states of sensitizer dyes are desirable, because they enhance the probability of
electron transfer from an excited state of a sensitizer molecule into the conduction band of a metal
oxide semiconductor, thus improving charge separation lifetimes and promoting subsequent
electron transfer reactions. Because light harvesting efficiencies correlate with the absorbance of
a photocatalytic material, creating materials with higher sensitizer loadings has the potential to
increase light absorption and solar energy conversion efficiencies. Ru(bpy)32+ and its analogs
possess electronic excited state potentials that are more negative than the conduction band
potentials of many metal oxide semiconductors, which is an energetic requirement for efficient
sensitization.26
Given suitable electronic potentials, between a photo excited sensitizer (donor) and the
conduction band of the semiconductor (acceptor), electron transfer will not occur unless the
sensitizer is adjacent to or in contact with the surface of the semiconductor. When this is not the
case, the sensitizer dye in solution must first diffuse to the semiconductor surfaces, where it is then
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possible for electron transfer to occur. Despite long-lived photo excited states (hundreds of
nanoseconds) for Ru(bpy)32+, by comparison the rate of molecular diffusion in solution is very
slow.10, 19, 27 Consequently, for non-tethered sensistizers, only the sensitizer molecules already
present at the semiconductor surface are useful donors when irradiating with light, and the rest of
the sensitizer in solution only acts as an attenuator of the incoming light source, thus reducing the
system efficiency.

Solution phase sensitizers have therefore resulted in relatively poor

sensitization performance.10, 19
To improve the electron transfer efficiencies, from sensitizers to the conduction band of
metal oxides, various attachment or anchoring schemes have been devised for tethering sensitizer
dyes to surfaces. For example, the bipyridine ligands of standard Ru(bpy)32+ have been modified
in ways that enable tethering of the modified Ru(bpy)32+. Dye compounds with carboxylate,
phosphonate, phosphonite, phosphoramidate and other linkers on the ligands of metal complexes
have been explored.10,

23, 24, 28-31

Modifications of ruthenium based dyes have also been

investigated in pursuit of extending their visible light absorption spectra, therefore capturing more
of the solar spectrum and improving the useful optical density. 32 Compared to regular Ru(bpy)32+,
specialty ligands with tethers may increase the complexity and cost of the sensitizer dyes, and may
also introduce unwanted photostability issues.10

Studies have reported the deactivation of

sensitizer dyes due to tether failure and desorption from the semiconductor surface, or from deintercalation and chemical or photo decomposition. 19, 32-34 Sensitizer failure appears to be the
primary cause of catalyst deactivation. The stability of sensitizer dyes is a key issue to be solved,
if direct water photolysis is to become a viable solar energy conversion technology. 10, 35
Although there are advantages to the stability and simplicity of Ru(bpy) 32+, a major
disadvatage is that it does not bind well, if at all, to the external surfaces of most metal oxide
semiconductors. Other than by electrostatic attraction, Ru(bpy)32+ has no capability to tether itself
onto a surface. One option is to insert or intercalate Ru(bpy)32+ into the inner spaces of layered
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metal oxides via ion exchange, thus taking advantange of the high internal surface area of such
materials to improve loadings, and to possibly increase the chemical stability of Ru(bpy) 32+.
However, previous studies have shown that ion exchange of Ru(bpy) 32+ into layered
semiconducors like KTiNbO5 or K4Nb6O17 does not occur readily, and may take several weeks36
without pre-expanding layers with precursors like bulky amines. Even so, the resulting dye
loadings into such oxides have been sub-optimal. 36, 37 Porphyrines and other dyes have similar
problems.38-41

Low sensitizer loadings, sensitizer desorption, sensitizer decomposition and

photoinstability issues lead to catalyst deactivation and prevent optimal catalyst performance and
longevity.
From our own group and from others, there have been a handful of reports about novel
materials that were synthesized via the restacking of colloidal nanosheets, which were derived
from exfoliated layered materials.14, 42-50 Of these restacking reports, even fewer have focused on
the goal of creating visible light photocatalysts. However, after first creating restacked materials,
three of these studies subsequently tried to intercalate or adsorb molecular visible light
sensitizers,51-53 none of which were Ru(bpy)32+. Though using dyes, only one of these intercalation
studies was aimed at heterogeneous photocatalysis. However, in 2003 Unal et al. reported a
restacked cesium titanate, and in 2006 a restacked K4Nb6O17, where Ru(bpy)32+ was used to induce
the restacking of a colloid.42, 46 In the 2003 study by Unal, the authors used the restacked material
to create a thin film photoelectrode. In the 2006 study, a photoelectrode was prepared, but the
authors also tested the photocatalytic properties of their material, however the stability of the
composite was very poor and they claim that the Ru(bpy) 32+ deintercalated readily, causing rapid
photoelectrode deactivation in less than an hour. There still remains a great need to discover
robust, visible light sensitized, photocatalytic materials with exceptional photon capture
capabilities for use in direct water photolysis and for dye-sensitized solar cell applications.
In this report we show that Ru(bpy)32+ can be immobilized quite effectively into a stable
structure of restacked metal oxide nanosheets, resulting in a new material with an exceptional
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internal loading of the Ru(bpy)32+ sensitizer. The colloidal nanosheets were derived from the
exfoliation of the layered metal oxide semiconductor, KTiNbO5, which has a well known crystal
structure.54

When mixed, the anionic colloidal nanosheets restacked around the cationic

Ru(bpy)32+ molecules, creating a disordered agglomerate, held together only by electrostatic
forces. The great extent of the Ru(bpy)32+ sensitizer loading gave the composite a deep orange
color. The new synthetic method is general enough to be used with other layered materials and
other cationic sensitizers.

This work has resulted a robust composite, with high levels of

Ru(bpy)32+ firmly held and evenly spread throughout the composite material. This is the first
successful use of Ru(bpy)32+ to create stable restacked layered materials. The new materials also
represent the first use of restacked KTiNbO5 to synthesize a visible light sensitized, porous metal
oxide semiconductor material.

2.2 Experimental Methods
All water used was ultra-pure and deionized using a standard ion exchange resin system
until a conductivity of 18 MΩ was reached. All chemicals were used as received from the
manufacturer, as indicated.
2.2.1 Synthesis of KTiNbO5
Potassium titanium niobium pentoxide (KTiNbO5) was synthesized by a conventional
solid-state synthetic method.55 Reagent grade potassium carbonate (99.9%, Fisher Chemicals),
titanium dioxide (99.5%, Sigma-Aldrich) and niobium (V) oxide (99.9%, Alfa Aesar) were
purchased and used as received. KTiNbO5 was prepared by grinding stoichiometric amounts of
K2CO3, TiO2 and Nb2O5 into fine powders with a mortar and pestle and were then mixed
thoroughly. A 10% excess of K2CO3 was used to counteract the loss of potassium as an oxide
vapor during the heating cycle. The mixture was heated in an alumina crucible in a high
temperature furnace (BF51800 series, Lindberg/Blue, USA) for 20 hours using the following
program. The temperature was raised from 20 to 120 °C at 10 °C per minute and held at 120 ºC
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for 60 minutes. The temperature was then raised to 900° C at a rate of 10 °C per minute and held
at 900 °C for 60 minutes. Finally, the temperature was raised to 1100 °C at the same rate and held
for 20 hours and was then allowed to cool to 20 °C. The product material, KTiNbO 5, was stored
at ambient conditions until needed.
2.2.2 Acid exchange and colloid preparation
HTiNbO5 was produced from the parent KTiNbO5 by a water solution-based acid exchange
process using a solid to liquid ratio of 5 g/300 mL. The KTiNbO5 powder was stirred in a 4 M
aqueous HCl solution for 24 hours for 24 hours. The solid was separated from the liquid using
centrifugation. The solid was re-suspended and again stirred in 4 M HCl. The process of stirring
with acid was done a total of four times. Finally, the solid was washed with fresh water before
allowing the material to air dry in a glass dish. The resulting material was HTiNbO 5.
Aqueous tetrabutylammonium hydroxide (TBAOH 40%, GFS Chemicals, Columbus,
Ohio, USA) was added dropwise to a stirred suspension of powdered HTiNbO 5 to induce
exfoliation, until the pH stabilized at 9.26 At this pH, the TBA+ cations fully exfoliate the
individual metal oxide sheets into a colloid. The resulting mixture was stirred for a day with
TBAOH added as needed to maintain the pH at 9. The pH was monitored using phenolphthalein
as an indicator. The indicator dye helps avoid problems with leaking potassium cations from pH
meter probes, as frequent pH determinations are necessary. The colloid container was capped to
avoid atmospheric CO2 contamination.
2.2.3 Precipitation of colloids to create Ru(bpy) 32+ sensitized porous oxides
Based on the electrostatics ratio in KTiNbO5, the desired catalyst material
[Ru(bpy)3](TiNbO5)2 was prepared by restacking or agglomerating the colloidal sheets. Double
the stoichiometric amount of tris(2,2'-bipyridyl)ruthenium(II) dichloride (GFS Chemicals,
Columbus, Ohio, USA) was dissolved in water. The concentration of the resulting Ru(bpy) 3Cl2
dye solution was about 0.07 M. Eight milliliters of the colloid of (TBA)TiNbO 5 (conc. 0.015
g/mL) was added drop wise into the slowly stirred dye solution. An orange solid precipitated.
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After the reaction, the vial was stored in the dark overnight. The precipitated mixture was then
centrifuged. The supernatant liquid was removed and pure water was added. The centrifuge and
rinsing steps were repeated 5 or more times until the supernatant water remained clear of any dye.
The new material is referred to as RuPOX, meaning ruthenium dye-loaded porous oxide. Scheme
2.1 shows an overview of the entire synthetic process.
2.2.4 HTiNbO5 and HPOX dye loading and general dye content analyses
The Ru(bpy)32+ loaded HTiNbO5 was made by stirring 15 mg of HTiNbO5 powder in 5 mL
of an aqueous 9 mM Ru(bpy)32+ solution for 24 hours. The solid was then rinsed well with pure
water. Acid restacked colloids of (TiNbO5ˉ )n to make the acid restacked porous oxide , or HPOX,
were made by adding drops of a 2 M HCl into the colloids to produce a solid porous agglomerate.
The solids were then rinsed well with pure water. HPOX was then soaked in 0.07 M solution of
Ru(bpy)32+ for 24 hours.
The extent of loading of Ru(bpy)32+ in the RuPOX materials was measured by analyzing
for elemental ruthenium in the RuPOX solid, using inductively coupled plasma optical emission
spectroscopy (ICP-OES) (Perkin Elmer, Optima 4300 DV, Norwalk, CT, USA). In preparation
for ICP analyses, 1.000 mL aliquots of wet RuPOX were air dried. After drying, the samples were
then dissolved in 2-3 drops of 50% aqueous HF (Alfa Aesar, USA) and then the solution was
diluted with 1% nitric acid solution. Quantifications of the Ru(bpy) 32+ loadings on HTiNbO5 and
on HPOX were done by measuring the optical absorbance of Ru(bpy) 32+ in solution, after
dissolving the solids in 50% aqueous HF, followed by dilution with water. This procedure yielded
equivalent results to using ICP-OES, as described above.
2.2.5 Photodegradation experiment
10.0 mg of RuPOX (dry basis) was stirred as a suspension in a solution of 17.58 µM BCG
with 2.0 mg of CsNO3 in solution. The nitrate ion (from CsNO3, 0.01 %) was used as an electron
acceptor. The total volume was 20.0 mL. The mixture had a pH of 7. The stirred mixture was
illuminated with a 75 W xenon arc lamp. Visible light illumination was ensured by using a UV
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cut-off filter (λ > 400 nm). The reaction was carried out in a quartz vessel, which was open to the
air. To monitor the disappearance of the BCG color, after centrifuging the optical absorbance (at
616 nm) of only the reaction liquid from the mixture was measured at various time intervals
(GENESYS 10S UV-Vis -Thermo Fisher Scientific).
2.2.6 Other characterizations
X-ray powder diffraction (XRD) patterns of KTiNbO5, HTiNbO5, and the dye-sensitized
catalyst RuPOX were obtained to verify structure (Cu Kα radiation, Siemens D5000, Germany).
UV–Vis diffuse reflectance spectra (UV-3101 PC, Shimadzu, Japan) of the dried RuPOX material
were measured. Optical absorption spectra of dye solutions were obtained using Cary 300, Cary
50, or Cary 60 UV-VIS spectrophotometers (Varian, USA). Scanning electron microscopy (SEM,
S-4800, Hitachi, Japan) was used to inspect the morphology of the materials. For the SEM
analysis, samples were air dried and placed on carbon tape for the analysis. Transmission electron
microscopy (TEM) was performed with a Zeiss EM-10 microscope (Oberkochen, Germany).
Epifluorescence spectra were obtained using Zeiss Axioskop epifluorescence microscope (Zeiss,
Germany). Fourier transform infrared spectra were acquired using a Spectrum-100 (Perkin Elmer
Inc., USA). Thermogravimetric analyses (TGA/DSC Metler Toledo, Switzerland) were performed
in air using a heating rate of 10 °C/min over a temperature range of 25-950 °C.
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Scheme 2.1: Overview of the synthesis of the new dye-sensitized porous oxide, RuPOX.

2.3 Results and Discussion
With the synthetic strategies presented here, high levels of Ru(bpy) 32+ have been
incorporated

inside

of

restacked

KTiNbO5

to

produce

the

novel

nanomaterial

[Ru(bpy)3]xH2-2x(TiNbO5)2, where ‘bpy’ is bipyridine. The strategy uses only electrostatic forces
to keep the dye and the semiconductor stuck together in a composite, however, this has resulted in
a robust binding of the dye to the semiconductor. Although the new method is not a standard
intercalation reaction, the process creates an intercalated layered semiconductor material.
Ru(bpy)32+ is fully intercalated and electrostatically bound inside the new material’s pore walls,
which are composed of restacked layered nanosheets of metal oxide, derived from the exfoliation
of parent compound, KTiNbO5.
To appreciate the structure of the new material, it is important to understand the building
blocks used in the synthesis. The parent material, KTiNbO 5, is an ion-exchangeable layered metal
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oxide semiconductor material.55 The crystal structure indicates that there are layers of potassium
ions in between layers of oxygen-coordinated titanium and niobium octahedra. 5438 Aqueous
colloids of anionic nanosheets were produced by chemically exfoliating KTiNbO 5, which involves
cation exchange with acid and a subsequent reaction with tetrabutylammonium hydroxide (see
Scheme 2.1).56 The colloidal nanostructures produced in this way are two-dimensional metal oxide
nanosheets, which can be represented as (TiNbO5ˉ )n. The nanosheets are anionic, about one
nanometer thick, one to several microns in diameter, and they are quite stable in water. 47, 57 At pH
9, the anionic colloidal nanosheets mostly have TBA+ (tetrabutylammonium) as the counter ion.
The structure of each nanosheet stems directly from the crystalline layers of the parent metal oxide
material, KTiNbO5.

Thus, the sheets are single crystal nanosheets with the photophysical

properties of a wide band gap semiconductor material. 58
To create highly porous solids, our laboratory has been agglomerating colloidal metal oxide
sheets with smaller cations, like H+ from acids, or metal cations.50, 59 In this report, tris(2,2'bipyridyl)ruthenium(II), abreviated as Ru(bpy)32+, was used to precipitate colliodal metal oxide
sheets quickly into porous agglomerates. It is perhaps more accurate to say that the anionic
colloidal particle sheets agglomerate or flocculate with the application of the cation, as it is not a
true precipitation reaction. The technique of restacking exfoliated materials is sometimes refered
to in the literature as electrostatic self-assembly deposition.46 Though not equivalent, that term
can be confused with electrostatic deposition and electrostatic self-assembly of layers via layerby-layer deposition methodologies. The term restacking will be used in this report. The addition
of an aqueous solution of Ru(bpy)32+ to the anionic colloidal sheets destabilizes the colloid, causing
the negatively charged sheets to flock together with the cation, resulting in the Ru(bpy) 32+
molecules being sandwiched or intercalated between the anionic sheets (see Scheme 2.2) As can
be seen in Fig. 1, highly colored porous solids were produced. The intensity of the orange color
is strikingly rich, suggesting a high concentration of dye and a high absorbance. The new material,
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Scheme 2.2: Anionic colloidal nanosheets will restack using Ru(bpy)32+ as the cation.
Though stacked, the nanosheets are agglomerated randomly, producing
[Ru(bpy)3]xH2-2x(TiNbO5)2, is referred to as RuPOX, meaning ruthenium dye-loaded porous oxide.
The new dye-filled material is a disordered solid with a high degree of porosity. In addition to the
characterizations provided here, we draw this conclusion in part from evidence found in the
literature. As mentioned earlier in the introduction section, in addition to work from our lab, there
have been literature reports of restacked colloids, which have produced porous aggregrates with
high surface areas and a turbostratic structure.43, 49, 59 For example, the Mallouk group exfoliated
and restacked K4Nb6O17 to produce porous materials with surface areas of 250-300 m 2/g.60
The porosity in the RuPOX results from the random positions that the individual exfoliated
sheets adopt, during the sudden precipitation of the colloid by Ru(bpy) 32+. The sheets are folded,
wrinkled, rolled, and randomly arranged, which creates voids, or pores. 47,59 As demonstrated
below, this new synthetic procedure appears to maximize the loading of dye. The wet porous
oxide is saturated with the ruthenium dye and has the characteristics of a fluffy orange-colored
solid.
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2.3.1 Dye content analysis
To quantify the amount of dye that was incorporated into the porous oxide, elemental
analyses were done using ICP-OES. To ensure only the bound Ru(bpy)32+ dye in the solid was
measured, the measurements were done after extensive rinsing of the RuPOX materials in pure
water. The average ruthenium content was found to be 295.6 mg/g ±5%, which is equivalent to
518.9 µmol/g. The extent of the dye loading was rationalized in the following way. (For
calculation details see Supporting Information, S1.) Using an electrostatics-based stoichiometry
from an ideal formula of [Ru(bpy)3]x(TiNbO5)2, where x =1, the theoretical maximum amount of
dye that can be combined into the ionic solid was calculated to be 563.36 mg/g, which is equivalent
to 988.93 µmol/g. Experimental results showed that very high dye loadings were achieved, where

Figure 2.1: Photograph of the new RuPOX material

x = 0.525 ±5 %. On an electrostatic basis, this means that 52.5 % of the theoretical maximum
‘intercalated’ dye loading was attained in the synthesis. This is a reasonable approach, considering
that the driving force for the precipitation is electrostatic. Using conventional ion exchange, K.Yao
et al. measured maximum intercalations and obtained dye loadings of 11.5 % and 7 % of maximum
using an electrostatics basis, while taking into consideration both enantiomers of ruthenium
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trisphenanthroline.37 Meyer et al. reported the extent of dye loading at 42 µmol/g for a porous
oxide film on dye-sensitized solar cells.61 The experimental results reported here (518.9 µmol/g)
far exceed those numbers.
It is important to note that the charge densities of the cations at work are a major factor in
the limits to ion exchange capacity. The loading of the Ru(bpy)32+ dye inside the RuPOX material
may have reached a fundamental limit due to charge density and size limitations, where no more
Ru(bpy)32+ can possibly fit between sheets in a single layer, due to steric factors. This possibility
was analyzed by comparing the charge density of the original K+ in KTiNbO5 to that of Ru(bpy)32+,
which is being used to replace the K+ in the KTiNbO5 to produce RuPOX. A similar analysis
approach was used by Bujdak for a dye in clays.62 The charge density of each (TiNbO5ˉ )n anionic
sheet does not change, whether in the parent solid, KTiNbO5, or in the final product, RuPOX.
Therefore, by comparing the charge densities of the two cations we can gain insight into the limits
of cation exchange using Ru(bpy)32+. The ratio of the unhydrated bare ion charge densities (charge
to volume ratios) for K+ versus Ru(bpy)32+ is 27.4 to 1, using a radius of 133 pm and 505 pm for
K+ and Ru(bpy)32+, respectively.63,

64

However, the cations in these layered materials are

sandwiched between anionic metal oxide sheets in a two-dimensional layer. Therfore, it is more
meaningful to consider the two-dimensional surface area per charge ratio (square area per charge)
of the cations versus the anionic sheet. The surface area per charge ratio of a single (TiNbO 5ˉ )n
sheet is 0.123 nm2/charge.65 For K+ and Ru(bpy)32+ the 2-D charge densities are calculated to be
0.0556 nm2/charge and 0.401 nm2/charge, respectively (For details see Supporting Information
S1). In comparing the value of the sheet’s charge density to that of the Ru(bpy) 32+, we find that
the Ru(bpy)32+ requires 3.26 times more area per charge than the sheet provides. By using the
inverse ratio (0.307), the sheet offers only 30.7 % of the charge density required by the Ru(bpy) 32+.
These ratios oversimplify the analysis, but nonetheless, they demonstrate that the sheer size of the
Ru(bpy)32+ limits its ability to completely compensate the anionic charge of the sheets. The ideal
formula for the RuPOX material is [Ru(bpy)3]x(TiNbO5)2, where x = 1. The area per charge
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calculation above implies that based on stoichiometry or electrostatics alone a

loading of

Ru(bpy)32+ where x = 1 is not feasible. In fact these calculations imply that the loading of
Ru(bpy)32+ in the RuPOX solid should be much less than the ideal formula indicates, where x =
0.307.
Our experimental data resulted in x = 0.525, which is greater than the theoretical x = 0.307,
based on the area per charge analysis above. This is an interesting result and it is not clear how
the extra dye is contained in the RuPOX solid. In the syntheses, the RuPOX materials were rinsed
extensively before chemical analysis. As Ru(bpy) 32+ is quite soluble in water and contains no
functional groups that might serve to immobilize it or dimerize it, it is unlikely that any excess
Ru(bpy)32+ exists on the surface of the RuPOX solid. In water the extent of surface adsorption
was found to be negligible in our tests with Ru(bpy)32+ on powdered KTiNbO5, because surface
adsorption, if any, occurs only in equilibrium with the Ru(bpy)32+ in solution. Therefore, thorough
rinsing ensures no surface adsorption. It is possible that the neighboring Ru(bpy) 32+ molecules in
between the oxide sheets could be forced closer to each other than their theoretical diameter
suggests. The charge density on the sheets may be high enough to induce a denser packing or
squeezing of the Ru(bpy)32+ molecules. Because Ru(bpy)32+ is not a solid sphere, it may be
possible for the Ru(bpy)32+ molecules to move closer to each other, if the bipyridine ligands on
neighboring Ru(bpy)32+ molecules could interleave or become distorted from their ideal positions.
There is also the possibility that because the RuPOX material has a disordered porous structure, it
is likely that randomly produced closed cell pores may exist in the porous RuPOX solid, possibly
trapping excess Ru(bpy)32+ during the synthesis, with chloride or hydroxide as the counter ion.
Both of these factors may be involved in producing the higher than expected loadings.
From the chemical analysis of RuPOX, x = 0.525 in [Ru(bpy)3]x(TiNbO5)2, so the
remaining charge balance (1-x) is equal to 0.475, which represents a divalent cation capacity that
is being satisfied by other cations within the solid. If the other cations are monovalent, then the
0.475 number is doubled to 0.95.

The remaining charge balance is likely supplied by a
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combination of H+ and TBA+, as they are the only other cations present during the synthesis. These
possibilities lead to the formula H0.95-yTBAy[Ru(bpy)3]0.525(TiNbO5)2, where y is likely very close
to zero, due to TBA+ having a much lower charge density as compared to H + and Ru(bpy)32+. The
presence of H+ is also most likely, because H+ can easily fit in between the larger Ru(bpy)32+ to
complete the charge balance. Sources of H+ abound, because the synthesis is carried out in water.
Furthermore, the pH of a well-rinsed, pure water suspension of RuPOX material is 5.5, suggesting
that a source of protons exists within the solid.
When soaking the highly rinsed RuPOX material in pure water for long periods, the
composite materials retained their strong orange color and the dye did not leach out into solution.
Even after storing the rinsed RuPOX materials in water solutions for 3 months, the Ru(bpy) 32+ did
not leach out into the clean water, and the supernatant solution remained uncolored. This is
additional evidence that the Ru(bpy)32+ molecules are located between the metal oxide sheets and
are not bound to external surfaces where they can release into solution. The parent material,
KTiNbO5, is ion exchangeable. Therefore, it is expected that the restacked material would also be
ion exchangeable. In the presence of higher charge density cations, such as Na+ or H+, the
Ru(bpy)32+ can be ion exchanged out of the solid. It was found that the addition of the RuPOX
material to water at pH 1 resulted in the release of free dye into solution and can be seen with the
naked eye.
In addition to calculating dye loadings on an electrostatic charge stoichiometric basis, dye
loadings were also calculated using a surface area basis. Even though it is believed that all the
Ru(bpy)32+ dye molecules in the synthesized RuPOX material were intercalated and
electrostatically bound between the anionic sheets, the following calculation assumes that all the
dye is only bound to the external surface. This theoretical analysis provides additional insight on
the new material’s high capacity for a sensitizer dye and facilitates the comparison of the dye
loading numbers with other semiconductor surface-only adsorbed dye results typically found in
the literature.17, 31, 61, 66 The surface area footprint of the dye and the total surface area of the porous
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solid were used. As the literature reports, the diameter of Ru(bpy)32+ is 1.01 nm,64 the surface area
footprint of each Ru(bpy)32+ dye molecule was estimated to be 1.02 nm2. A square footprint was
used, to include the unoccupied and usable spaces between the round molecular footprints as they
close pack on the surface. If the porous material’s available surface area can be completely covered
by a monolayer of dye molecules, the maximum number of molecules that can be surface-adsorbed
is equal to the total available surface area of the material divided by the square footprint area of
one dye molecule. For this calculation, we have used a surface area of 150 m 2/g. The surface area
is based on several nitrogen adsorption BET surface area analyses, which were obtained on similar
porous samples, however they were precipitated with different cations and dried using supercritical
point CO2 techniques prior to the BET measurements.59 Because the RuPOX sample in this study
was never dried, the surface area of 150 m2/g is a best estimate. With these assumptions, the
theoretical maximum coverage of adsorbed Ru(bpy)32+ per gram of porous oxide is calculated to
be 244.2 µmol/g.
Using the same ICP-OES elemental analysis data for the Ru(bpy)32+ content of RuPOX
(518.9 µmol/g), the efficiency of the surface only dye coverage for the RuPOX samples was found
(518.9 µmol/g /244.2 µmol/g) to be 212.5 % of the theoretical maximum. These calculations
assume that the adsorbed dye molecules would only be attached onto the available external surface
area and are not intercalated between the sheets. It is reasonable that this result (518.9 µmol/g) is
more than twice the amount of dye of the theoretical maximum, because the dye molecules in the
RuPOX material are actually located between the sheets, not adsorbed on the surface. The area
between the layered overlapping sheets is greater than the exposed surface area. Hence, this new
synthetic strategy greatly enhances visible light sensitization of metal oxide semiconductors and
more than doubles the theoretical maximum sensitizer loading of conventional surface
sensitization schemes even in this new high surface area porous material. Furthermore, because
each sensitizer molecule directly touches the metal oxide, these enhanced loadings on the RuPOX
materials are possibly achieved without the drawbacks of the inner filter effects caused by
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multilayer/overlayer sensitizer surface depositions, which occur with carboxylated linker and other
type sensitizers. Inner filter effects greatly diminish effective electron transfer and quantum
efficiency, and hence, catalyst performance.
The surface area only calculation above shows that the actual dye loading is quite excellent.
By mass, the dye loading on the new RuPOX material is 29.6 %. For comparison, Rawling et al.
reported a 1.11 % loading by mass of the N719 sensitizer and 37.3 µmol/g on TiO 2 nanoparticle
electrode substrate.51 Our result of 518.9 µmol/g on the new porous RuPOX material is 13.9 times
higher. It must be noted that to our knowledge and from the lack of evidence in the literature,
Ru(bpy)32+ does not dimerize or form clusters. Therefore, within the metal oxide framework of
RuPOX, clusters or solids of Ru(bpy)32+ are not likely to exist. This also supports the conclusion
that single layers of Ru(bpy)32+ are present between the metal oxide sheets.
To show the relative effectiveness of this new sensitizer restacked material method versus
other synthetic methods of sensitization using Ru(bpy)32+, a direct ion exchange of HTiNbO5 with
Ru(bpy)32+ was performed. This was done by soaking the HTiNbO5 in a solution of Ru(bpy)32+
for 24 hours. The loading of Ru(bpy)32+ into HTiNbO5 was found to be 4.41 µmol/g. The
restacking method described herein using colloids restacked by Ru(bpy)32+ delivered a value of
518.9 µmol/g, which compared to the direct ion exchange result of 4.41 µmol/g represents a value
that is 117 times greater. Others have also reported similar difficulties with the direct intercalation
of these types of materials with bulky dyes like Ru(bpy)32+.36, 42
Another porous material was made by first restacking the (TiNbO 5ˉ )n nanosheets with acid
(H+), thus forming the acid restacked porous metal oxide, or HPOX. As reported in literature, this
process also creates a highly disordered random porous structure with a high surface area, which
is comparable with the new RuPOX material’s structure (also discussed in section 3.0). 67 Like
RuPOX, HPOX is also ion exchangeable. Due its porous, higher surface area structure, the HPOX
could provide enhanced mass transport throughout. By soaking the HPOX in solutions of
Ru(bpy)32+ for 24 hours, the HPOX was tested for its ability for the direct ion exchange of
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Ru(bpy)32+. The dye loading found for the HPOX synthetic route was 84.5 µmol/g. The loading
of the Ru(bpy)32+ dye in the RuPOX material is about 6 times greater than the direct loading using
the HPOX solid ion exchange route. Table 1 summarizes the Ru(bpy)32+ loading results for the
various materials. The paramenters used during the synthesis of the RuPOX material in this work
yielded a maximized loading. This technique also permits the flexibility of making fractionally
dye loaded RuPOX material.
Table 2.1: Comparison of dye loadings using the restacking method and other methods, the
restacking of colloids with Ru(bpy)32+ provided a superior result

Ru(bpy)32+ loading

Material

(µmol/g)

1

Ru(bpy)32+ -HTiNbO5

4.4

2

Ru(bpy)32+ -HPOX

84.5

3

RuPOX

518.9

4

Ru(bpy)32+ -P25 titania10

2.5
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2.3.2 UV-Vis Diffuse Reflectance Spectrophotometry and X-ray Diffraction
Figure 2.2 shows the absorption spectra of both an aqueous solution of Ru(bpy) 3Cl2 and
the air-dried RuPOX solid, acquired using transmission UV-Vis and UV-Vis diffuse reflectance
(UV-Vis-DRS) absorption spectrophotometry, respectively.

The MLCT absorption band of

Ru(bpy)32+ in aqueous solution is at 452 nm.66 The spectrum of the Ru(bpy)32+ trapped in the solid
differs from the solution spectrum. The absorption spectrum of the RuPOX indicates that the
MLCT absorption band of Ru(bpy)32+ has broadened and the peak is red shifted by about 12 nm.
Others have reported similar phenomena for intercalated Ru(bpy)32+ in solids37, 68 and also with
other dyes.29

Peak broadening can originate from dye-dye interactions and from dye-host

interactions, as well as from the distortion of the intercalated molecules. 68 For comparison, a UVVis-DRS spectrum of the source material, HTiNbO5 is shown in Fig. 2-c. The spectrum of the

Figure 2.2: (a) UV-Vis spectrum of Ru(bpy)3Cl2 in solution (offset for easy comparison),
(b) UV-Vis diffuse reflectance spectra (DRS) of dried RuPOX, and (c) powdered HTiNbO5.
HTiNbO5 shows that there is no absorption above 400 nm, where the RuPOX material shows
absorption from the incorporated Ru(bpy)32+. This is to be expected as HTiNbO5 is a wide band
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gap semiconductor that only absorbs in the UV, whereas the Ru(bpy) 32+ absorption spectrum
includes part of the visible region.
The X-ray diffraction pattern of the RuPOX material shows only one intense peak at 9.37º
2θ, corresponding to a d-spacing of 9.43 Å (0.943 nm, see Fig. 2.3). The RuPOX material is
composed of restacked sheets, and when restacking, the sheets tend to adopt a coplanar
orientation.50 The single peak in the pattern corresponds to the interlayer d-spacing of the
restacked sheets in this material, in the stacking direction. This layer line reflection is commonly
found in restacked materials.49 The disappearance of the all the higher angle reflections also
indicates that the material is highly disordered and is turbostratic,49 with the expected loss of the
in-plane registry of the layers, normally found in the parent material, KTiNbO 5, seen in Fig. 3-b.
The XRD pattern of the synthesized parent KTiNbO5 powder was matched with the JCPDS pattern
library file no: 054-1155. KTiNbO5 has an orthorhombic crystal structure. For clarity, not all
peaks are labeled here, but the library pattern match is conclusive. The peak width of the single
peak in the RuPOX X-ray pattern indicates that the restacking of the nanosheets has occurred in a
consistent manner, with the interlayer spacing remaining uniform throughout the material, thus
creating a single phase composite. If the Ru(bpy)32+ cations were not filling each interlayer
completely and uniformly, and there were areas in the material with little or no Ru(bpy) 32+, then
the X-ray pattern would likely show a second reflection at a greater angle. The second reflection
would correspond to the interlayer areas without Ru(bpy)32+ and would possibly contain a different
cation such as H+. Those areas would have a different d-spacing than the areas that were
completely filled with Ru(bpy)32+. In the case of partially filled layers, any corrugation or varying
d-spacing caused by partially filled interlayer areas would likely have resulted in the broadening
of the peak at 9.37° 2θ. Therefore, the X-ray data of the synthesized RuPOX material (see Fig. 3)
is consistent with the colloidal nanosheets being restacked into a layered material, with single
height layers of Ru(bpy)32+ uniformly filling the sheet interlayer areas. The d-spacing of 0.943 nm
is close to, but lower than, the diameter of Ru(bpy) 32+ (1.01 nm), as reported in the literature.64
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This may indicate that some distortion of the Ru(bpy)32+ molecules in the RuPOX solid may be
present, but this is not clear. As discussed above, there were changes in the UV-Vis absorption
spectrum of Ru(bpy)32+ in the RuPOX solid versus the aqueous phase Ru(bpy)32+, which could be,
in part, due to molecular distortion of Ru(bpy)32+ and its interaction with the host material.
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Figure 2.3: X-ray diffraction pattern of (a) the RuPOX material (dried film), and
(b) the powdered parent compound, KTiNbO5.

2.3.3 Electron microscopy
Figure 2.4 shows a scanning electron microscopy (SEM) image of (a) HTiNbO5, and
images (b) and (c) which were air-dried samples of the RuPOX material. HTiNbO 5 was derived
by cation exchange of KTiNbO5 and is known to be a crystalline material,47 which like KTiNbO5,
has a densely stacked layered structure. However, the new RuPOX material has a low density and
a random pore structure, with individual sheets randomly arranged, thus generating the material’s
porosity. The thickness of the individual sheets is approximately 1 nm, and the pore walls are
composed of just a few restacked sheets, making the pore walls very thin.

32

33

(c)

Restacked nanosheets
form the pore walls

5 µm

Figure 2.4: Scanning electron microscopy of (a) HTiNbO5, (b) RuPOX, and (c) RuPOX at
higher magnification showing the disordered nature of the structure.

However, the nanometer thickness of the pore walls gives the composite the characteristics of a
nanomaterial. Having been dried in air before imaging, the porosity of RuPOX is diminished, due
to the crushing intermolecular forces imposed by water as it dries.
Figure 2.5a is a transmission electron microscopy (TEM) image of the colloidal nanosheets
derived from HTiNbO5, showing that the compound was completely exfoliated, resulting in a
colloid of single (TiNbO5ˉ )n nanosheets. The sizes of the sheets typically range from about 0.1
µm to 10 µm in diameter, which is similar to the sizes of the crystalline particles of the parent
HTiNbO5 powder. Figure 2.5b is a TEM image of a RuPOX material, showing the disorder of the
re-stacked and overlapping (TiNbO5ˉ )n sheets. The thin darker lines seen on the sheets in Fig. 5b
are from the wrinkles and folds in the sheets. As discussed, the Ru(bpy) 32+ molecules are
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(a)

(b)

Figure 2.5: Transmission electron microscopy of (a) TBA(TiNbO5) colloid, and (b) RuPOX.
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sandwiched in between the nanosheets, electrostatically binding the solid together. TEM images
of the thicker regions of the RuPOX material were too opaque and did not reveal any morphology.
The morphology of RuPOX was revealed more clearly in the SEM data (Fig. 4b and 4c).

2.3.4 Epifluorescence
An epifluorescence optical microscopy image of an air-dried RuPOX sample is shown in
Fig. 2.6. As suggested by the elemental analysis and X-ray data discussions above and the high
levels of Ru(bpy)32+ contained within the RuPOX samples, the Ru(bpy) 32+ dye molecules are
located in between the sheets and are likely distributed evenly everywhere in single layers between
sheets.

The Ru(bpy)32+ fluoresces at around 600 nm,24 under the microscope’s excitation

wavelength of 390 nm. The contrast and brightness of the image in Fig. 3 has been adjusted to
darken the brightest areas of the image in order to enhance the textural details, however, this also
darkened the less bright areas of the sample. Light emission, though uneven, appears to emanate
from all areas of the RuPOX material, suggesting that the Ru(bpy)32+ molecules are distributed
everywhere. However, the edges of the restacked sheets can be seen fluorescing more brightly
than the center areas of the particles. The quenching of electronic excited states in the Ru(bpy) 32+
molecules by electron transfer into a semicinductor’s conduction band is a well established
phenomena.26,

69

Other non-semiconductor materials loaded with Ru(bpy)32+ would not

necessarily exhibit similar quenching, and thus may fluoresce very brightly and evenly in
fluorescent microscopy.69 There are reports of metal organic frameworks (MOFs) and other
materials incorporating Ru(bpy)32+. However, significant differences exist between the MOFs and
the RuPOX material. The semiconductor nature of the metal oxide frame in the RuPOX material
provides a quenching mechanism for the excited state of the sensitizer, via electron transfer into
the conduction band.
Differences in the local environemnt surrounding the individual Ru(bpy) 32+ molecules may
cause differences in the fluorescence quenching efficiency within the RuPOX sample, thus uneven
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emission may be expected. For example, Ru(bpy)32+ molecules attached near the edges may not
be as efficiently quenched, as compared to the molecules that are deeper inside the solid, which
are completely covered by sheets, where the Ru(bpy)32+ may have more effective contact with the
metal oxide. Therefore, the edges may produce less quenching and brighter emissions. The metal
oxide sheets, which are a high dielectric material, may also act as a waveguides to the emitted
light, much like a fiber optic guide channels light to the ends of the fiber. This could enhance the
brightness at the edges where the light is then transmitted out of the sample. Although uneven
distribution of Ru(bpy)32+ in the RuPOX could be considered a possible explanation for the

Figure 2.6: Epifluorescence microscope image of an air-dried RuPOX sample (white scale
bar is 5 microns), The inset image shows an enlargement of a particle with

observed uneveness of fluorescence emission, the consistent pattern of bright edges and darker
centers throughout the sample, combined with the X-ray data and data showing the high loading
of dye suggests that this was not the case. It appears that the Ru(bpy)32+ molcules are indeed
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evenly distributed throughout the RuPOX samples, and that they are sandwiched in single layers,
between the nanosheets of the exfoliated metal oxide.

2.3.5 Visible light photo activity of the new RuPOX material
The RuPOX material was tested for its oxidation and reduction catalytic ability
under visible light. To test the photo activity, the RuPOX material was used to photo degrade
micromolar solutions of the dye, bromocresol green (BCG). The degradation rates in these tests
were monitored by measuring the decolorization of BCG in solution. A graph of the degradation
of BCG over time is shown in the Fig. 2.7. The reaction rate would likely be improved with the
addition of a metal co-catalyst, such as platinum, on the RuPOX. 70
As a control, the BCG photo degradation experimental conditions were repeated, but
instead of illumination, the reaction mixture was kept in the dark for 12 hours. The measured
absorbance of BCG in the liquid showed no change in absorbance and therefore no degradation of
the dye had occurred. This also indicated that there was no loss of BCG via adsorption of the BCG
dye onto or into the RuPOX material.
The experimental conditions used for the photo degradation of BCG dye with the RuPOX
material were repeated again with visible light, and this time instead of using RuPOX, a fine
powder of the compound KTiNbO5 was used, but there was no Ru(bpy)32+ present. After
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Figure 2.7: Photo activity of the RuPOX material in water under visible light, in the presence of
air, for the decolorization of a 17.58 µM solution of bromocresol green (BCG) dye.

illumination under visible light for 2 hours, the measured absorbance of the BCG solution showed
no change and therefore no degradation of the dye had occurred. As KTiNbO 5 is a wide band
semiconductor, this result was to be expected, because only visible light was used, and KTiNbO 5
does not absorb visible light much like HTiNbO5. However, this experiment does demonstrate
that the RuPOX catalyst is photoactive with visible light due to the presence of the Ru(bpy) 32+
inside the metal oxide. The visible light absorbance of BCG does not overlap with the absorbance
of Ru(bpy)32+, which has a strong absorbance peak at 452 nm. After completing the photolysis
experiment using RuPOX and BCG, the liquid in the reactor was analyzed for the presence of
desorbed or de-intercalated Ru(bpy)32+.

It was determined that the concentration of free

Ru(bpy)32+ in solution was zero. Therefore, the RuPOX catalyst remained stable under these
photocatalytic conditions.
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2.4 Conclusion
A new material that incorporates an exceptionally high loading of Ru(bpy) 32+ into a porous
titanium niobium mixed oxide (RuPOX) was synthesized. In an aqueous solution-phase mixing
process, Ru(bpy)32+ was successfully used to aggregate colloids of lamellar anionic metal oxide
nanosheets, derived from the exfoliation of KTiNbO5. The resulting aggregate was found to be a
porous metal oxide composite material, with Ru(bpy)32+ imbedded in between overlapping oxide
nanosheets, forming the pore walls of the solid. Based on the electrostatic stoichiometry, the new
material contains 52.5 % of the theoretical maximum of Ru(bpy) 32+ in its structure, and using the
criteria of only external surface area coverage, the new material contains 212.5 % of the theoretical
maximum. Results show that 518.9 µmol/g of Ru(bpy)32+ are contained inside the new RuPOX
materials, and this is equivalent to 295.6 mg/g. As calculated, due to steric limitations and charge
density considerations, these measured loadings are likely the maximum that is achievable. Based
on steric factors and charge densities, calculations suggest that the measured loading exceeds the
theoretical maximum. The new RuPOX composites are stable after thorough rinsing, and the
Ru(bpy)32+ molecules do not leach out into solution, and leaching did not occur after it was tested
as a photocatalyst to degrade an organic dye. The resulting porous solids were highly colored and
contained an exceptionally high loading of the Ru(bpy)32+ sensitizer. The UV-Vis-DRS absorption
spectrum of the RuPOX material shows a slighly expanded absorption range in the visible and
peak red shifting, as compared to Ru(bpy)32+ in solution. The new RuPOX material is a promising
candidate for use as visible light photocatalysts and other solar conversion technologies. The
synthetic approach is adaptable and could be used to investigate other sensitizers and layered
semiconductors.
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Chapter 3
Highly Efficient and Stable Visible Light Water Photolysis by Restacking
Exfoliated Semiconductor Nanosheets with Ru(bpy)32+

3.1 Introduction
The efficient conversion of solar energy into storable chemical energy in the form of
hydrogen gas remains a necessary and important goal in science, and it continues to be the subject
of considerable research activity.71 To this end, the use of wide band gap semiconductor metal
oxide photocatalysts for direct water splitting holds great promise, due to their low cost and relative
simplicity. Many wide band gap semiconductors possess conduction band potentials that are
negative of the reduction potentials necessary to reduce water to hydrogen gas. However, in most
cases the valence band electrons require UV light excitation to populate the conduction band for
reducing water. As the Earth’s troposphere receives only a minimal amount of UV light from the
sun, in order to maximize the use of solar energy, visible light sensitization strategies have been
applied to wide band gap semiconductors. By capturing more sunlight, sensitizers greatly enhance
the efficiencies of these systems for use in terrestrial photocatalytic water photolysis. In addition,
direct water photolysis systems do not require separate electrical power generators in tandem with
water electrolyzer systems, as is the case with photovoltaic powered hydrogen generation systems.
Metal oxide photocatalysts have the potential to be robust and long-lasting catalysts. However,
practical catalysts that can combine the characteristics of high quantum efficiency with long term
photostability still remain elusive. For photocatalytic water splitting systems to be cost effective
and suitable in real world applications, they must be durable and possess high quantum
efficiencies.
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In dye-sensitized wide band gap metal oxide photocatalytic systems, catalyst deactivation may
occur in several ways, including decomposition of the sensitizer, sensitizer desorption, metal cocatalyst contamination, separation of the metal from the metal oxide, and redox and phase changes
in the metal oxide itself. As has been reported,72 to improve photocatalytic efficiencies a variety
of anchoring schemes have been explored for attaching sensitizers to the surfaces of
semiconductors. However, desorption, loss of sensitization, and consequent catalyst deactivation
nonetheless occurs.
In this chapter we report the synthesis of a new catalyst the utilizes the new methodology
for sensitizing metal oxides, as described in Chapter 2. In addition, we report for the first time the
use of visible light to photo reduce solution phase ionic platinum (Pt) and gold (Au) into metallic
nanoparticles and photo deposit them onto the surface of metal oxides to serve as co-catalysts. To
find the optimum concentration of nanoparticles, different mass percentages of Pt precursors were
deposited. The presence of nanometals was confirmed using transmission electron microscopy
(TEM). The photocatalysis experiments for hydrogen generation under visible light were carried
out with different Pt and Au loaded RuPOX composites, and the quantum efficiencies of each
catalyst was measured. The photo stability of each photocatalytic system was also tested.

3.2 Experimental
3.2.1 Synthesis of KTiNbO5
Potassium titanium niobium pentoxide (KTiNbO5) were synthesized by conventional
solid-state synthesis method. Reagent grade potassium carbonate (K 2CO3, 99.9%, Fisher
Chemicals), titanium dioxide (TiO2, 99.5%, Sigma-Aldrich) and niobium(V) oxide (Nb 2O5,
99.9%, Alfa Aesar) were purchased and used as received. KTiNbO5 was prepared by grinding
stoichiometric amounts of K2CO3, TiO2 and Nb2O5 into fine powders with a mortar and pestle and
were mixed thoroughly. A 10% excess of K2CO3 was used to counteract loss of potassium as an
oxide vapor during the heating cycle. The mixture was heated in a crucible in a high temperature
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furnace (BF51800 series, Lindberg/Blue, USA) and heated for 20 hours via the following program.
The temperature was raised from 20-120º C at 10º C/minute and held at 120º C for 60 minutes.
The temperature was then raised to 900° C at a rate of 10° C perminute and held at 900º C for 60
minutes. Finally, the temperature was raised to 1100° C and held for 20 hours and was then
allowed to cool to 20° C. The product material, KTiNbO5, was stored at ambient conditions until
needed.

3.2.2 Acid Exchange process
HTiNbO5 were produced from the parent compunds KTiNbO5 by a solution-based acid
exchange process using a solid to liquid ratio of 5g/300 mL. The powder was stirred in a 4 M
aqueous HCl aqueous solution for 24 hours. The individual material solid was separated from the
liquid using centrifugation. The resulting wet solid was re-suspended and stirred in 4 M HCl. The
process of stirring and refreshing the solution was repeated four times. Finally, the solid was
washed with fresh water before allowing the material to air dry in a glass dish.
+

+

Step 3.1: K ion in interlayer space of KTiNbO5 was exchanged with H

3.2.3 Colloid preparation
Aqueous tetrabutylammonium hydroxide (TBAOH, 40%- GFS Chemicals, Columbus,
Ohio, USA) base was added dropwise to a suspension of powdered HTiNbO 5 to induce exfoliation,
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until the pH stabilized at 9 [26]. At this pH, the TBA+ cations are intercalated into the interlayer
spaces, resulting in the exfoliation of the individual metal oxide sheets into the colloidal mixture.
The resulting mixture was stirred for a day with TBAOH added as needed to maintain the pH at 9.
The pH was monitored using phenolphthalein as an indicator. The indicator dye helps avoid
problems with leaking potassium cations from pH meter probes, as frequent pH determinations are
necessary. The colloid container was capped to avoid atmospheric CO 2 contamination.

Step 3.2: Acid base neutralization reaction leads to the making of (TBA)KTiNbO5
colloid

3.2.4 Precipitation of colloids to synthesize Ru(bpy)32+ sensitized porous oxides (RuPOX)
Based on the electrostatics ratio in KTiNbO5 the desired catalyst material is
[Ru(bpy)3](TiNbO5)2, or RuPOX were prepared by restacking or agglomerating the colloidal
sheets. Double the stoichiometric amount of tris(2,2'-bipyridyl)ruthenium (II) dichloride was
weighed out and dissolved in water. The concentration of the resulting dye solution was about
0.07 M. The colloid of materials (conc. 0.015 g/mL) were added drop wise into the slowly stirred
dye solution. An orange solid precipitated out from the mixture. After the reaction, the vial was
stored in the dark overnight. The precipitated mixture was then centrifuged. The supernatant
liquid was removed and fresh water was added. The centrifuge and rinsing steps were repeated at
least 5 times until the supernatant water remained clear of any dye. The rinsed wet Ru(bpy) 32+porous oxide catalysts are now denoted as RuPOX.
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3.2.5 Dye content analysis
The loading of Ru(bpy)32+ in the RuPOX and HexaPOX materials were measured in two
ways. One method was by analyzing for ruthenium content in the RuPOX solids using ICP-OES
(Perkin Elmer, Optima 4300 DV, Norwalk, CT, USA). The other method was UV-Vis absorbtion
spectroscopy of the supernatant rinsing liquid at 452 nm to analyze the dye molecule concentration
and subtracting the amount from the initial concentration. In preparation for ICP analysis, 1.000
mL of RuPOX was air dried. After drying, the sample was then dissolved in 2 drops of 50%
aqueous HF acid (Alfa Aesar, USA) and then diluted in a 1% nitric acid solution.

3.2.6 Visible light photodeposition of Pt onto dye sensitized metal oxides:
Aqueous H2PtCl6 was used as the Pt precursor solution for the different amount of Pt
content (0.5, 1.0 and 3 wt% ) in the RuPOX structure. It is acidic, and TBAOH was used as
neutralization base for the titration of the Pt source compound. The reactor tube was filled with
RuPOX composite, required Pt solution and sacrificial donor (ethanol). The photocatalyst
components was purged with argon before the photodeposition process under visible light. The
light source was 75 W Xenon arc lamp.

3.2.7 Photocatalysis experiment
The appropriate quantity of the cocatalyst loaded RuPOX and RuHexaPOX materials were
taken in a square tubing reactor. The ethanol (99.5%) solution was added as a sacrificial donor.
The reactor volume of the catalysts was varied from12-14 mL in 91 ml of total volume. the pH of
these solution was measured with pH indicator strips and were in the range of 4.8-5.4. The liquid
solution was purged with argon to remove dissolved oxygen for 10mins. The square tubing reactor
tube was sealed with Suba Seal Septa. The head space volume was purged with argon to create
inert atmosphere. A 75W xenon arc lamp (Cat#27-1031, Ealing Inc., Rocklin, CA, USA) were the
solar light source attached with a plastic filter to cut off the UV light. The rate of hydrogen
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evolution was measured using Hamilton beach lock air tight syringe. After every hour, 0.20 mL
of the headspace gas was withdrawn with a sample lock syringe and injected into a gas
chromatograph. The withdrawn gas was replaced with an equal amount of argon gas. The dilution
due to sampling was corrected in the reported data.

3.2.8 Material characterization
X-ray powder diffraction of parent KTiNbO5, HTiNbO5 and dye sensitized catalyst were
measured by X-ray diffractometer, (Cu Kα radiation Siemens D5000, Germany). UV–vis diffuse
reflectance spectroscopy (UV-3101 PC, Shimadzu, Japan) was used to determine band gap
variation of the modified catalyst. Scanning electron microscopy (SEM, S-4800, Hitachi, Japan)
was used to verify the morphology of the POX materials. Absorption spectrum of UV filter and
dye solution were obtained spectrophotometrically (Carry 300). Transmission electron microscopy
(TEM) was performed with a H-7650 was manufactured by Hitachi High-Technologies Corp.,
(www.hitachi-hta.com), Pleasanton, CA. Quantification of photo-deposited metal was done by
ICP-OES (Perkin Elmer, Optima 4300 DV, Norwalk, CT, USA). The hydrogen gas was tested
with a Shimadzu GC-8A gas chromatograph with thermal conductivity detector. The column was
Zebron Capillary GC Column ZB-1 ( Dimension 30 meters length, I.D. 0.53 mm, Film thickness
5.00um) Phenomenex (Torrance, CA).

3.2.10 Quantum Efficiency of Hydrogen Evolution
The quantum efficiency of the H2 evolution was calculated using the following equation.
Apparent quantum yield (AQY),
𝐴𝑄𝑌(%) =

𝑅
𝑋100 … … … … … (1)
2𝐼

Where R and I represent the maximum rate at which H2 molecules were evolved and the
rate at which photons impinge on the sample, respectively.
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𝑛=

𝑝𝜆
… … … … … (2)
ℎ𝑐

n, p, λ, h, and c are the number of photons, power of photons in watts, wavelength of light
(452 nm), Planck’s constant (6.626x10-34 Joule/sec) and the speed of light (2.99x108 m/sec)
respectively. The power of light bulb was measured using a power meter (PM 100, Thorlabs Inc.,
Newton, New Jersey, USA) in conjunction with a thermal sensor (S212A-10 W, Thorlabs Inc.,
Newton, New Jersey, USA). The number of photons was calculated from equation 2, which is 9.08
x 1019 photons/hr. Apparent quantum yield (AQY) was calculated using equation 1 taking the
average rate of H2 evolution.
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3.3 Results and Discussion
Colloidal anionic nanosheets, (TiNbO5¯ )n, were derived from exfoliated KTiNbO5 and
were then restacked by inducing flocculation with Ru(bpy)32+. This process has been previously
described in Chapter 2 and leads to a disordered porous oxide composite material, abbreviated as
RuPOX.72 The new RuPOX material has an empirical formula of Ru(bpy) 3]0.53(TiNbO5)2, with
Rubpy located only in the interlayer regions of the restacked nanosheets, and with no Rubpy
adsorbed on the surface. As reported previously, steric considerations indicate that the RuPOX
material is saturated with Ru(bpy)32+ and it is unlikely that a higher loading with interlayer
monolayers of Ru(bpy)32+ is possible.72 The RuPOX solid exhibits a rich orange color, due to the
exceptionally high loading of the Ru(bpy)32+ sensitizer (295.6 mg/g, or 518.9 µmole/g)
incorporated within.72 After synthesis, RuPOX was thoroughly rinsed, kept wet, and stored in the
dark until it was needed for subsequent steps in the synthesis the final photocatalyst. The
Ru(bpy)32+ in RuPOX was found to be stable over tens of months and did not leach out into
solution.
3.3.1 Characterization of RuPOX
Structural properties of the dye-restacked porous material, generated from a crystalline
parent material, was confirmed by XRD, SEM and TEM analysis which is reported in Chapter 2. 72
The XRD of the parent KTiNbO5 was matched with library pattern file, JCPDS 054-1155. It is an
orthorhombic, crystalline layered material. The layer spacing of KTiNbO5 is 0.92 nm due to
presence of interlayer K+ cation. The restacked RuPOX material has only one intense peak at 9.37º
2θ (d=0.943 nm). This peak corresponds to the spacing of the restacked nanosheets due to presence
of Ru(bpy)32+ dye molecule. Though the diameter of Ru(bpy)32+ is about 1.01 nm, the decrease in
d spacing may have resulted from the specific orientation, molecular distortion or host-guest
interaction.36
A thermogravimetric analysis (TGA) curve, performed in air, for acid exchanged parent
KTiNbO5 (top) and RuPOX (bottom) shown in Fig. 3.1. In HTiNbO5, the initial mass loss
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corresponds to surface or adsorbed water vaporization, the characteristic mass loss between 300
and 350 °C is due to topotactic dehydration reaction, resulting in the formation of Ti 2Nb2O9.16 The
RuPOX material shows initial dehydration as it heats up to 100 °C, which occurs from the loss of
trapped or surface adsorbed water. The RuPOX compound is surprisingly stable up to 400 °C.
The major mass loss that begins at 400 °C is probably due to the decomposition of the bipyridine
ligands on the Ru(bpy)32+.46

Figure 3.1: Thermogravimetric analysis of RuPOX in comparison with HTiNbO5, which is acid
exchanged parent KTiNbO5

3.3.2 Photodeposition of platinum and gold onto RuPOX using visible light
The presence of the nanometal on the metal oxide serves as a co-catalyst to improve
hydrogen evolution. The metal also acts as a trap for photogenerated electrons and a catalytic
surface for H2 evolution. Conventional photo deposition on semiconductors is done by photo
reducing metals with UV light. Here in this process, we took the advantage of the sensitizer fused
RuPOX composite to photo deposit nanometal onto catalytic surface under visible light. Deposited
nanometals or nanoparticles (Nps) act as co-catalysts on the surface of the restacked metal oxide
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sheets. The metals create schottky junctions, which are relatively high energy sites. In this case,
the conduction band electrons in the metal oxide accumulate at this high potential junction to begin
the water reduction as a surface reaction. Also, electrons can easily accumulate at trap sites like
grain boundaries to take part in surface reactions.73 In addition, co-catalyst help to separate the
electrons from their origin, which reduces the recombination rate of electrons and holes. 74
Different amounts (0.5%, 1% and 3% catalyst wt%) of platinum precursor (H 2PtCl6 at pH 7) and
gold precursor (HAuCl4, at pH 7, 0) solution were added to 3 mL of aqueous RuPOX (0.010
g/mL) in separate experiments. The square glass tubing reactor cells were irradiated with visible
light using a 75 W xenon arc lamp mounted with a UV cutoff filter. The reaction was carried out
for 5 hours to complete the metal Nps photoreduction process.

Scheme 3.1: Schematic of visible light Pt deposition using RuPOX
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The mechanistic steps for the photo deposition of nanoparticles on the metal oxide surface are
described below:
Dye + hʋ (452 nm)
Dye* + POX

Dye*
Dye+ + POX (e-,CB)

OX(e-,CB) + Pt4+
or,

Pt-POX

POX(e-,CB) + Au3+

Au-POX

As described in the above reaction steps, the dye absorbs visible light energy, which creates
excited state electrons or photoelectrons. This photoelectron transfers to the conduction band of
metal oxide. The translocation of excited state electrons happens very efficiently due to the
favorable downhill electron transfer process. The PtCl 62- (the Pt precursor) or AuCl4- (the Au
precursor) diffuses from solution to the metal oxide surface and accept the high energy electrons
to become the reduced metal. The photoreduction process creates nanosized Pt or Au nanoparticles
on the metal oxide composite. In Fig. 3.2, the left vial shows the RuPOX photocatalyst before

Figure 3.2: Photographs of (a) RuPOX photocatalyst; (b) 1% platinum (Pt) deposited on
RuPOX; and (c) 1% gold (Au) deposited on RuPOX. Photocatalyst amount = 30
mg, sacrificial donor: ethanol (1 mL), light souuce: xenon 75 W, λ > 400 nm, Pt
and Au precursor solutions are (TBA)PtCl6 and (TBA)AuCl4 respectively.
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visible light Pt deposition and the middle and last vials show the RuPOX after 1% Pt and 1%Au
deposition, respectively. The presence of Pt and Au nanometals was confirmed by transmission
electron microscopy and elemental analysis using ICP. It is speculated that the pattern of the
deposited metal reveals where the most effective catalysis will occur.

3.3.3 Transmission electron microscopy analysis
Transmission electron microscopy was performed for the different percentages of Pt
content (0.5%, 1%, and 3%) onto RuPOX (see Fig. 3.5). As discussed earlier, the RuPOX
nanocomposite was formed by restacking of randomly oriented nanosheets, which created a
disordered structure. After photo deposition, nanoparticles of Pt were generated on this disordered
nanosheet surface. The circularly shaped black dots are the Pt Nps in the all the images. As can be
seen, the formation of Nps was not regioselective. In some reports by others, it was found that Nps
formed at the edges of the metal oxide surfaces.14 The dark lines presence in the sheets were
created due to wrinkles and folds of the nanosheets and can be seen in samples without deposited
metals.
The Pt particles are dispersed uniformly throughout the structure and their size distribution
was obtained using an image processing software. The lower limit of the particle sizes is somewhat
dependent on the limitations of the TEM microscope. The samples exhibit very narrow size
distributions and the particle size is quite small (< 2 nm), a characteristic which we speculate is
unique to the visible light photo deposition process. The average particle size was found in the
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range of 1-2 nm. Based on the average metal particle diameter and the metal loading (1%), the
number of metal nanoparticles found on the metal oxide surface (in the TEM image) per square
area constitutes only 10% of the calculated (and therefore expected) metal particle density, using
a RuPOX surface area of 150 m2/g.72 We assume that the presence of smaller particles (<1 nm)
was not detectable, because of the limitations of the TEM instrument used and the nature of the
sample. For the 0.5% Pt loaded sample, the particle size averaged 1.3 nm but reached up to 2 nm.
The average size for the 1% Pt loaded sample was 2.31 nm which reached up to 3.5 nm in size.
For the 3% Pt loaded sample, the particle size was small averaging 1.65 nm. Reports from others
in the literature have found that for UV photo deposited metals, particle size increased significantly
as the metal loading percentage increased.75 Even for restacked materials, it was found that with
increasing Pt percentage, the size increases.14 However, in the present study with RuPOX, the

Figure 3.5: Transmission electron microscopy (TEM) image of different percentage of Pt loaded
RuPOX; a) 0.5 % Pt, b) 1.0% Pt, 3) 3.0% Pt, the tiny black dots are the Pt
nanometals in the images
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visible light deposition process yielded sizes and shapes of Nps that were relatively unchanged,
regardless to the loading amount. The RuPOX material possesses a high surface area, and the dye
molecules are completely surrounded by the metal oxide nanosheets. Therefore, excited state
electrons created in the sensitizer dye are extremely well situated and possibly well-coupled to the
semiconductor for enhanced and highly efficient electron transfer. It is also the case that the
nanometer dimensions of the pore walls in the restacked nanosheets in the porous composite results
in short diffusion lengths for photo generated electrons to reach the surface for subsequent
reactions at the surface. Moreover, dye molecules permeate the solid and are evenly distributed.
We speculate that likewise, the Pt Nps are formed everywhere and not only at grain boundaries
and particle edges, as is the case for a UV photo deposition process, causing the formation of larger
metal particles. From the TEM data of a sample used Pt-RuPOX catalysts (i.e. after photolysis),
we observed that the metal particle density and sizes were unchanged.
The uniform size and evenly distributed location of the observed Pt dots in the TEM
pictures is a very interesting result.

We speculate that the presence of the sensitizer dye

everywhere in the RuPOX solid facilitates three-dimensional conductivity throughout the RuPOX
material using the Rubpy as an electron conductor. Such 3-D conductivity would certainly
enhance electron access to all surface sites, a result that is consistent with the evenly distributed
reduced metal on the surface. By contrast, UV deposition of metals on semiconductors produces
much larger metal particles and hence less evenly distributed.
The co-catalyst gold (Au) was photo deposited in a similar way as the photo deposition for
Pt. Tetrachloro auric acid (HAuCl4) was first neutralized with TBAOH, and ethanol was used as
the sacrificial electron donor. Different amounts of Au precursor solution were added to the
photocatalyst reactor tube for each weight percentage of Au desired on the RuPOX. The reaction
was run for 5 hours for every cases. Afterwards, the reactor solution was rinsed several times and
after drying, the samples were taken for TEM analysis to check for the presence of Au on the
RuPOX catalyst surface. The resulting images are depicted in Fig. 3.6. The Au nanoparticles were
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present in all the samples. The average particle size were 1.76 nm, 2.24 nm and 2.00 nm for 0.5,
1.0 and 3.0 percent of Au-RuPOX composite photocatalysts, respectively.

Figure 3.6: Transmission electron microscopy image of Au Nps loaded RuPOX; a) 0.5 %
Au, b) 1.0% c) 3 % Au
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3.3.4 Visible light dye sensitized hydrogen evolution:

SD: sacrificial e- donor

POX: porous oxide

Scheme 3.2: Energetics of dye sensitized hydrogen generation from reduction of

The mechanistic steps are displayed below:
1. Dye sensitization
Dye + photon (λ > 400 nm)

Dye*

2. Electron injection into conduction band of semiconductor POX
Dye+ + POX (e-CB)

Dye* + POX
3. Hydrogen generation
POX(e-CB) + Pt/Au
Pt(e-)/Au(e-) + H+

POX + Pt(e-)/Au(e-)
Pt/Au + ½ H2

4. Regeneration of reduced dye
SD + Dye+

Dye + SD+

As stated in the above steps, dye molecules absorb photon energy to generate excited state
electrons (e-). The photo excited state dye molecule injects electrons into the conduction band of
the semiconductor. The band edge potential of KTiNbO5 is lower than the potential of excited
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electron, permitting a downhill electron transfer process.26 The Pt nanoparticles on the metal oxide
surface eventually confine these conduction band electrons. These electrons then reduce the
protons (from water molecules) on the platinum particle surface, thus producing atomic hydrogen
(H). At the end, two of the H atoms combine to form hydrogen molecule (H 2) and hydrogen gas is
evolved.
Assuming all steps happen efficiently, the system requires two photo excited molecules of
Ru(bpy)32+ to produce 1 molecule of H2. Ethanol was used as a sacrificial electron donor (SD).
According to literature, fate of ethanol in the photocatalyst reaction may be in the following steps. 76
C2H5OH + H2O

H2 + C2H4O + H2O

H2 + CO2 + CH4

3.3.5 H2 generation kinetics data:
3.3.5.1 Determination of optimum platinum co-catalyst loading:
The hydrogen generation rate was tested for different platinum loadings (0.5, 1, and 3%)
on RuPOX. The kinetics data is shown in Fig XX. The ethanol was used as a sacrificial donor for
this photocatalytic water reduction process. A GC-TCD instrument was used for the analysis of
the headspace gas for hydrogen content. The instrument was calibrated with pure H 2. The reaction
kinetics data are plotted in Fig. 3.7. The straight lines represent the hourly H2 evolution rate for
different Pt loaded samples. The reaction was run for 5 hours and the hourly rate was 20.4
µmole/hr, 31.1 µmole/hr, and 18.5 µmole/hr for 0.5, 1.0, and 3.0% of Pt loaded RuPOX,
respectively. The kinetic rate was steady in every case and the rate didn’t slow down. The rate of
H2 evolution was highest for 1% Pt loaded RuPOX. Although the rate increased with increasing
amount of Pt in the structure till 1% of loading, but 3 % loaded Pt shows a decrease in kinetics in
H2 generation rate. The rate is very close to 0.5 % Pt loading. The possible explanation of this state
can be explained by taking into consideration the amount of Pt loaded onto RuPOX. As it’s a wellestablished fact that the nanoparticles scatter the light and more particles contribute to the more
scattering on the surface upon light irradiation. Obviously, the 3% Pt loaded samples have more
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Nps as it also shown above in TEM image, also confirmed by ICP analyses, therefore it creates
more loss of the incoming light. Consequently, the presence of photoelectrons will be diminished
because the Ru(bpy)32+ sensitizer molecules will receive less light. Eventually, 3 % Pt loaded
photocatalyst didn’t contribute to higher rate on H2 evolution compare to 1 % or 0.5 % Pt loaded
samples. Furthermore, as in the mechanism presented earlier, there is no water oxidation involved
in this water splitting process. The oxidation reaction involved in this system uses a sacrificial
donor, which becomes oxidized by donating electrons to the oxidized dye molecules.
The quantum efficiencies (QE) of the above reactions are shown in table 3.1.
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Figure 3.7: Time course H2 evolution for different percentages of Pt loaded RuPOX
photocatalyst; reaction condition: photocatalyst: 30 mg; sacrificial donor:
ethanol (2 mL); light source: xenon lamp (75 W), λ > 400 nm
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Table 3.1: Quantum efficiencies of the dye sensitized restacked titanoniobate material
(RuPOX) with different of Pt loadings

Amount of Pt

Rate in Hour

Quantum Efficiency

0.5%

20.4

27.%

1%

31.1

41.2%

3%

18.5

24.5 %

The apparent quantum yield was calculated according to Equation 1 described in the
experimental section. The average rate per hour was taken by quantifying the number of moles per
unit time of H2 generated for the different Pt loaded RuPOX photocatalysts. As the rate for 1 % Pt
loaded sample was highest, the quantum efficiency was also the maximum for this optimum Pt
loading. The highest QE obtained for the Pt co-catalyst was 41.2 %. The rate is among the highest
visible light H2 evolution rate reported in literature.10 However, the difference here is that this
photocatalyst is robust and remained unchanged in its high efficiency.

3.3.5.2 Effect of different percentages of gold on Hydrogen evolution on Au-RuPOX
composites:
The graph of H2 evolution over time for the RuPOX catalyst with gold as the metallic cocatalyst is presented in Fig. 3.8. The photocatalysis reaction ran for 5 hours for all three of the
different Au-RuPOX composites. The reaction rate was found to be steady for all the Au-RuPOX
samples, as measured via hydrogen output. The maximum rate was found at loading of 0.5 % Au
on RuPOX, unlike the Pt-RuPOX catalyst, where the 1 % loaded Pt-RuPOX showed maximum
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evolution. The addition of more gold did not contribute to higher rates of H 2 evolution. The average
rate for the 3 different samples were 24.4, 12.1, and 10.9 µmole/hr respectively. The apparent
quantum efficiency was calculated and is shown in table 3.2. The highest value of the apparent
quantum efficiency was 32.37 % for the 0.5 % Au-RuPOX composites.
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Figure 3.8: Time courses of H2 evolution for different percentages of Au loaded RuPOX
photocatalyst; reaction conditions: photocatalyst: 30 mg; sacrificial donor:
ethanol (1 mL); light source: xenon lamp (75 W), λ > 400 nm
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Table 3.2 : Q.E. of the dye sensitized restacked titanoniobate material (RuPOX)
with different percentages of Au loading

Amount of Au

Rate, μmol/h

Quantum Efficiency

0.5%

24.4

32.4 %

1%

12.1

16.0 %

3%

8.2

10.9 %

3.3.5.3 Effect of sacrificial donor on H2 evolution
Water photolysis reactions were run using different sacrificial donors. Methanol and
ethanol were compared for this purpose. Methanol as sacrificial donor was found to be not as
effective as ethanol. Though the reaction rates for both donors were very uniform, the amount of
hydrogen produced was lower for methanol. The reaction was run only on the 1% Pt-RuPOX
photocatalyst, which was the best photocatalyst composition found for the Pt-RuPOX system. The
average rate for methanol was found to be 12.74 µmol/hr, which corresponds to a 16.9 % apparent
quantum efficiency. By comparison, the rate for ethanol was 31.3 µmol/hr and the QE was 41.2
%. A graph of the kinetics for both donors is presented in Fig. 3.9.
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Figure 3.9: Effect of sacrificial donors on the time course H2 evolution for Pt loaded
RuPOX photocatalyst; Reaction condition: photocatalyst: 30 mg; sacrificial
donor: ethanol (1 mL) and methanol (1 mL); light source: xenon lamp (75 W),
λ > 400 nm

3.3.6 Photocatalyst stability test
Using the most efficient RuPOX catalyst for each co-catalyst metal (Pt and Au), photolysis
reactions were run for 5 consecutive cycles at 5 hours each to test the stability of the metalized
RuPOX photocatalyst under visible light. In both cases, the concentration of cocatalyst was used
at their optimum loading found in their kinetic rate data in Fig. 3.8 & in Fig. 3.9. Ethanol was used
as sacrificial donor in both cases. The reactor and catalyst were rinsed after each photocatalytic
cycle and new ethanol solution was added to the system at the beginning of each visible light
photocatalysis process. The kinetics data is shown in Fig. 3.10 and the separate straight lines in
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Figure 3.10: Photocatalytic stability test for 1.0 % Pt loaded RuPOX in different cycles;
reaction condition: photocatalyst: 30 mg; sacrificial donor: ethanol (1 mL);
light source: xenon lamp (75 W), wavelength, λ > 400 nm

the graph indicate the H2 evolution data for each reaction cycle. The reaction rate was steady over
time in each cycle. The reaction rates were 31.08, 30.49, 30.51, 30.65, and 30.11 µmole/hr for 1 st,
2nd, 3rd, 4th and 5th cycles, respectively for Pt-RuPOX. For Au-RuPOX, the reaction rates were
24.44, 24.44, 23.92, 23.68, 23.44 µmole/hr for 1st, 2nd, 3rd, 4th and 5th cycle respectively.

63

Micromoles, H2

125
100
75
1st cycle
2nd cycle
3rd cycle
4th cycle
5th cycle

50
25
0

0

1

2
3
Time, Hr

4

5

Figure 3.11: Photocatalytic stability test for 1.0 % Au loaded RuPOX in different cycles;
Reaction condition: photocatalyst: 30 mg; sacrificial donor: ethanol (1 mL);
light source: xenon lamp (75 W), wavelength, λ > 400 nm

3.4 Conclusions
In this chapter we have described our success in efficiently photo depositing Pt and Au
nanometals on a porous metal oxide surface using the RuPOX photocaalyst described in Chapter
2. The visible light photo deposition was successfully carried out with different percentages of Pt
and Au. Hydrogen generation kinetics showed very steady rates in both cases, and for the 5 cycle
stability tests, the rates only fell by 3-4% from beginning to end. The stability test gave us
information about the robustness of this system. The quantum efficiency calculations gave us the
percentage of incident photons that were effectively utilized in the hydrogen generation process,
which showed that 41.2 % of the incident photons resulted in the formation of hydrogen gas. The
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TGA analyses revealed information on the thermal stability of RuPOX, indicating that the
composite is quite stable in air up to about 400 C.
Quantum efficiencies of 41 % are among the very best found in the literature. However,
this catalyst also proved to be extremely robust and stable as compared to other photocatalyst
reports in the literature. It is concluded that the protective nature of the sheets, which surround the
sensitizer molecules, is responsible for the stability on the new catalys. It is also believed that the
extremely small, very well distributed metal co-catalyst nanoparticles are responsible for the high
quantum efficiency. These qualities were created by the new the visible light photoreduction
process that was made possible by the new internally sensitized RuPOX composite.
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Chapter 4
Hydrogen Generation from Restacked Dye Sensitized Porous Hexaniobate
Nanotubes under Visible Light
4.1 Introduction
In our modern world, our massive energy requirements and reliance on fossil fuels have
begun to impact global climate. The development of efficient and renewable energy sources has,
therefore, become an important quest. Hydrogen is considered a clean and ideal fuel, and it can be
produced photo catalytically by splitting water under sun/visible light using metal oxide
photocatalysts.

Hydrogen gas can be transported via pipelines and stored in tanks, or as a

cryogenic liquid. Later it can be catalytically converted into electricity via fuel cells, or it can be
combusted in air for heating or in internal combustion engines. This makes hydrogen a versatile
energy currency. One of the major obstacles for adopting hydrogen as a fuel is the cost of
production. Although only moderately expensive, the cost of producing hydrogen today is higher
than conventional energy sources. New technologies for deriving hydrogen from water are needed
to reduce the cost of hydrogen and to accelerate its use as a renewable energy resource.
Heterogeneous photocatalytic reduction of water is a promising way to produce low cost
hydrogen. Typically, this is accomplished using transition metal oxide semiconductor materials.
Potassium hexaniobate, K4Nb6O17, is an ion-exchangeable layered semiconductor material,77
similar in some ways to KTiNbO5, which was discussed in Chapters 2 and 3. It consists of anionic
layers of interconnected Nb6O17-4 units with K+ occupying the interlayer spaces. Because the
potassium ions are ion exchangeable, this makes it possible for the material to be exfoliated in
water into a colloid of nanosheets.43 After exfoliation, the colloid is stabilized by the presence of
a low charge density cations like tetrabutylammonium, TBA +, which ion pair with the sheets.
However, unlike KTiNbO5, in the exfoliated hexaniobate colloids, the exfoliated nanosheets
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transform into nanoscrolls rather than nanosheets, unlike other layered metal oxides. 78 Bulk
K4Nb6O17, is a UV light active material with a band gap of 3.4 eV.79 Dye sensitization is a very
useful way to enhance the light absorption properties of wide band gap semiconductors and
transform them in to materials with visible or solar light absorption capabilities. Surface adsorbed
sensitizer dye molecules have been used to impart visible light sensitization properties to wide
band gap metal oxides. Researchers have studied the ion exchange of the interlayer potassium
cations in K4Nb6O17 with other cations, molecules and ions to tailor the optical, electronic and
absorption properties of this material. Direct ion exchange of K 4Nb6O17 with cationic sensitizers
is possible, however, sensitization by ion exchange takes days or months, because the intercalation
of bulky dye molecules into the small interlayer spaces requires expansion. 36 Pre-intercalation with
bulky amines has been used to expand the layers, but it is also time consuming and it introduces
unwanted chemicals in the structure.42
Adsorption of dye molecules onto the surface of metal oxide has also been achieved by
using tethering groups in their structure, serving as anchoring agents.10 For example, carboxylic
acid groups can be added to a dye’s molecular structure, and then used to adhere the dye to a metal
oxide surface. However, such dyes can only absorb on the outside surfaces of a material, and the
surface bonding is not strong enough to withstand the harsh conditions during the photocatalysis
process. So, it is essential to find a robust method to impart visible light sensitivity to metal oxides.
The most important criteria include optimum dye loading, robust attachment, efficient light
capture, and long-term durability. There is a report by Mallouk and coworkers, where sensitization
was done by absorbing unanchored dye molecules on the surface of an acidified exfoliated metal
oxide nanosheets. However, after 6 hours of reaction, the dye molecules come off from the
composite, which led to the deactivation of the catalysts. Even with covalently attached, anchored
sensitizers, long term durability has not been demonstrated due to sensitizer decomposition.
In Chapter 2, we reported a dye sensitization technique using an exfoliated and restacked
nanosheet system, where the Ru(bpy)32+ dye was used to precipitate the nanosheets.72 In this
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present chapter, we applied the same general technique, however, here we have employed
exfoliated hexaniobate nanosheet nanoscrolls as the metal oxide colloid. Ru(bpy) 32+ molecules
were used to restack the hexaniobate nanoscrolls via electrostatic flocculation to create dyesensitized porous solids. The composite material is referred to as RuHexaPOX. We also utilized
the visible light sensitized property of RuHexaPOX to photo deposit co-catalyst platinum
nanoparticles onto RuHexaPOX. Characterizations of the composite via various techniques have
also been performed and are reported here. The platinized RuHexaPOX composite catalysts were
used in water photolysis experiments and tested in the laboratory for hydrogen generation activity
using visible light.

4.2 Experimental
4.2.1 Synthesis of K4Nb6O17
Potassium hexaniobate was synthesized by conventional solid state methods. 80 Reagent
grade potassium carbonate hexahydrate, K2CO3 (Fisher Chemicals, Fairlawn, New Jersey),was
finely ground via mortar and pestle. Niobium(V) oxide (99.9%, Alfa Aesar, Ward Hill,
Massachusetts) was ground into fine powder, which was then mixed thoroughly with the potassium
carbonate. The mixture was heated in a programmable furnace at 1100°C for 20 hrs. As a note, a
10% excess of potassium carbonate was added to compensate for the loss of potassium as an oxide
during the heating.
4.2.2 Furnace programming
The mixture in the crucible was placed in a high temperature furnace (BF51800 series,
Lindberg/Blue, NC, USA) and heated for 20 hours. The temperature was raised to 120 °C, at a rate
of 10 °C per minute, and was held there for the next 30 minutes. The temperature was then raised
to 1100 °C, at a rate of 10 °C per minute, and held there for the next 20 hours. After the 20 hour
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program was run, the furnace was allowed to cool to 25 °C. The resulting K 4NB6O17 material was
removed and stored at ambient conditions until needed.
4.2.3 Acid Exchange
Acid exchange of the K4Nb6O17 was carried out by adding the hexaniobate powder to
approximately 300 mL of 3.4 M HCl in an Erlenmeyer flask, and stirring for one day at 40 oC.
The slurry was then centrifuged at 3000 rpm for 10 minutes and the supernatant was decanted. The
solid material in the bottom of the centrifuge tube was recovered with deionized water and the
suspension was placed back into the beaker. This procedure was repeated every 24 hours for four
days, for a total of five acid exchanges. The final suspension was rinsed with water and again
centrifuged and decanted. The solid H4Nb6O17 was recovered with ethanol and allowed to dry at
room temperature.
4.2.4 Colloid preparation
An acid-base neutralization reaction occurred when a 40% solution of tetrabutyl
ammonium hydroxide (TBAOH) was added drop-wise to a stirred aqueous suspension of
H4Nb6O17 until it reached equilibrium at approximately pH 9. At this pH, the TBA + cations are
intercalated into the interlayer spaces, resulting in the exfoliation of the individual metal oxide
sheets into a colloidal suspension. The resulting colloid was stirred for one day with TBAOH
added as needed. The pH was monitored using phenolphthalein as an indicator. The indicator helps
avoid problems with leaking potassium from pH meter probes.
4.2.5 Precipitation of colloids with Ru(bpy)32+ to synthesize sensitized porous oxides
Based on the electrostatics ratio in K4Nb6O17, the desired catalyst material was
[Ru(bpy)3]2Nb6O17, which is referred to as RuHexaPOX. These catalysts were prepared by
restacking or agglomerating colloids of sheets. Double the stoichiometric amount of tris(2,2'bipyridyl)ruthenium (II) dichloride was weighed out and dissolved in water. The concentration of
the resulting dye solution was about 0.09 M. The colloid (conc. 0.015 g/mL) was added drop wise
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into the slowly stirred dye solution. An orange solid precipitated out from the mixture. After the
reaction, the vial was stored in the dark overnight. The precipitated mixture was then centrifuged.
The supernatant liquid was removed, and fresh water was added. The centrifuge and rinsing steps
were repeated at least 5 times until the supernatant water remained clear of any dye. The rinsed
wet Ru(bpy)32+-porous oxide catalysts, now denoted as RuHexaPOX, were stored wet until further
use.
4.2.6 Dye content analysis
The loading of Ru(bpy)32+ in the RuHexaPOX material was measured by analyzing for
ruthenium content using ICP-OES (Perkin Elmer, Optima 4300 DV, Norwalk, CT, USA). For
ICP analysis, 1.000 mL aliquots of RuHexaPOX were air dried. After drying, the samples were
then dissolved in 2 drops of 50% aqueous HF acid (Alfa Aesar, USA) and then diluted with a 1%
nitric acid solution for subsequent ICP-OES analysis.
4.2.7 Visible light photo deposition of Pt onto dye sensitized metal oxides:
Aqueous H2PtCl6 was used as the Pt precursor solution for the different amounts of Pt
content (0.3, 0.5 and 1.0 wt% ) on the RuHexaPOX material. H2PtCl6 is acidic and TBAOH was
used as a neutralization base to create TBA2PtCl6, which was used as the Pt source for the photo
deposition experiments.. The reactor tube was filled with RuHexaPOX composite, required Pt
solution and sacrificial donor (ethanol). The liquid and head space in the reactor tube were purged
with argon immediately before the photo deposition process under visible light. The light source
was 75 W xenon arc lamp.
4.2.8 Photocatalysis experiment
The appropriate quantity of the Pt loaded RuHexaPOX materials (usually 30 mg) were
placed in a glass square tubing reactor. Ethanol (99.5%) was added as a sacrificial donor. The
reactor liquid volume containing the catalyst was about 13 mL in 91 mL of total reactor volume.
The pH of these solutions as measured with pH indicator strips were in the range of 6-6.5. The
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liquid solution was purged with argon to remove dissolved oxygen for 10 mins. The square tubing
reactor tube was sealed with a Suba Seal Septa. The head space volume was purged with argon to
remove oxygen. A 75 W xenon arc lamp (Cat#27-1031, Ealing Inc., Rocklin, CA, USA) was used
as visible light source, fitted with a filter to cut off the UV light at 400 nm. The rate of hydrogen
evolution was measured using Hamilton Beach lock air tight syringe. After every hour, 0.20 mL
of the headspace gas was withdrawn with a sample lock syringe and injected into a gas
chromatograph. The withdrawn gas was replaced with an equal amount of argon gas. The dilution
due to sampling was corrected in the reported data.
4.2.9 Material characterization
X-ray powder diffraction patterns of KTiNbO5, HTiNbO5 and a dried film the RuHexaPOX
catalyst were measured (Cu Kα radiation, Siemens D5000, Germany). UV–Vis diffuse reflectance
spectroscopy UV–Vis-DRS (UV-3101 PC, Shimadzu, Japan) was used to determine absorption
spectra variation of the modified catalysts. Scanning electron microscopy (SEM, S-4800, Hitachi,
Japan) was used to verify the morphology of the POX materials. UV-Vis transmission absorption
spectra of the dye solutions were obtained spectrophotometrically (Carry 300). Transmission
electron microscopy (TEM) was performed with a H-7650, manufactured by Hitachi HighTechnologies Corp., (www.hitachi-hta.com), Pleasanton, CA. Quantification of any photodeposited metal was done by ICP-OES (Perkin Elmer, Optima 4300 DV, Norwalk, CT, USA). The
hydrogen gas was quantified with a Shimadzu GC-8A gas chromatograph with thermal
conductivity detector. The column was Zebron Capillary GC Column ZB-1 (Dimension 30 meters
length, I.D. 0.53 mm, Film thickness 5.00 µm) Phenomenex (Torrance, CA).
4.2.10 Quantum Efficiency of Hydrogen Evolution
The quantum efficiency of the H2 evolution was calculated using Equation 1.
Apparent quantum yield (AQY),
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𝐴𝑄𝑌(%) =

𝑅
𝑥 100
2𝐼

(1)

Where R and I represent the maximum rate at which H2 molecules were evolved and the rate at
which photons impinge on the sample, respectively. Equation 2 was used to calculate the photon
flux,

𝑛=

𝑝𝜆
… … … … … (2)
ℎ𝑐

Where n, p, λ, h, and c are the number of photons per second, power of photons in watts,
wavelength of light (4.52 x 10-7 m), Planck’s constant (6.626 x 10-34 J•s) and the speed of light
(2.99 x 108 m/sec), respectively. The power of the Xe light bulb photon output was measured using
a power meter (PM 100, Thorlabs Inc., Newton, New Jersey, USA) in conjunction with a thermal
sensor (S212A-10 W, Thorlabs Inc., Newton, New Jersey, USA). The number of photons was
calculated from Equation 2 at 9.08 x 1019 photons/hr. The apparent quantum yield (AQY) was
calculated using Equation 1 taking the average rate of H 2 evolution over the first 5 hours.
.
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4.3 Results and Discussion:
4.3.1 X-ray diffraction of K4Nb6O17, H4Nb6O17 and RuHexaPOX
X-ray diffraction (XRD) of the parent material (K4Nb6O17) and the acid exchanged material
(H4Nb6O17) were studied using X-ray powder diffraction. Diffraction patterns of samples of each
are shown in Fig. 4.1. For the parent and acid exchanged materials, high crystallinity was observed.
The first intense peak at 10.57º 2θ for K4Nb6O17 corresponds to the interlayer spacing of the

Figure 4.1: X-ray diffraction (XRD) of the parent compound, K4Nb6O17,
and acid exchanged material H4Nb6O17

layered materials. The layer spacing calculated using Bragg’s law was found to be 0.84 nm which
represents the spacing due to presence of K+ ions.80 The peak for the acid exchanged material,
H4Nb6O17, moved slightly to a higher angle, indicating that the d-spacing between the layers has
decreased. This is due to the replacement of the larger potassium ions by smaller size protons (H +).
The first intense peak for acid exchanged material (H4Nb6O17) was found at 2 θ = 10.86º which
correspond the d spacing of 0.81 nm.81 The XRD pattern of RuHexaPOX in comparison with
parent K4Nb6O17 is shown in Fig. 4.2. It was found that the higher angle diffraction peaks
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disappeared in the RuHexaPOX composite. When the parent material was exfoliated and restacked
back together, the new composite material was composed of randomly oriented sheets. When there
is a loss of in-plane registry between sheets, the term used is a turbostratic structure. However, the
intense peak of the layer line (the reflection) is still present in the restacked material and
corresponds to the spacing due to presence of intercalated Ru(bpy) 32+ molecule in between
restacked sheets. The peak width of the peak in the X-ray pattern indicates that the restacking of
the nanoscrolls has occurred in a consistent manner, with the interlayer spacing remaining uniform
throughout the material, thus creating a single-phase composite. As the material consists of rolled
sheets, the layer spacing corresponds to the interlayer spacing inside the nanoscrolls. If there was
second reflection peak it would possibly indicate the additional presence of a different cation such

Figure 4.2: X-ray diffraction (XRD) of the parent, K4Nb6O17 compound and restacked
RuHexaPOX
as H+ in a separate phase, however no second peak was observed. The measured d-spacing of 0.86
nm is close to, but lower than, the diameter of Ru(bpy)32+ (1.01 nm), as reported in the literature.
This may indicate that some distortion may be present in the Ru(bpy) 32+ molecules inside
RuHexaPOX solid 36
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4.3.2 Dye content analysis
Quantification of Ru(bpy)32+ dye into the restacked hexaniobate porous oxide was done by
elemental analysis using ICP-OES. The average amount of Ru(bpy) 32+ dye in the RuHexaPOX
was found to be 62.42 mg/g ±5%, which is equivalent to 109.6 µmol/g. Based on electrostatics,
the theoretical maximum amount of dye that can be incorporated into the RuHexaPOX solid was
calculated to be 314.95 mg/g, which is equivalent to 552.80 µmol/g, where the ideal formula is
[Ru(bpy)3]x(Nb6O17) and x =2. The elemental analysis indicates that 20 % (62.42/314.95) of the
theoretical maximum ‘intercalated’ dye loading was obtained in the synthesis. Our results showed
that in the RuHexaPOX, or [Ru(bpy)3]x(Nb6O17), the value of x = 0.40 ±5%. The driving force of
this dye loading is electrostatics. The square area to charge ratio of a single (Nb6O174ˉ)n nanosheets
is 0.126 nm2/charge82-84 and for a Ru(bpy)32+ molecule the surface area per charge is 0.401
nm2/charge.64 In comparing the value of the nanosheet to the Ru(bpy) 32+, we find that the
Ru(bpy)32+ requires 3.18 times more area per charge than the nanosheets provides. It is not
possible to satisfy the charge of the sheets with a single layer of Ru(bpy)32+ alone. The area per
charge calculation implies that a 100 % loading of the Ru(bpy)32+ dye inside the metal oxide is not
possible, as the sterics prohibit this, if we keep the intercallated dye as one sigle layer between the
sheets. The x-ray data implies that indeed, there is only one single layer of dye between the
restacked sheets. Our experimental data resulted in x = 0.40. The remaining charge balance (2-x)
is equal to 1.6, which represents a divalent cation capacity that is being satisfied by other cations
within the solid. As a single valent cation this number is 3.2. The remaining charge balance is
likely supplied by a combination of H+ and possibly TBA+, as they are the only other cations
present

during

the

synthesis.

These

possibilities

lead

to

the

formula

H3.2-yTBAy[Ru(bpy)3]0.4(Nb6O17), where y is likely very close to zero, due to TBA+ having a
relatively low charge density as compared to H+ and Ru(bpy)32+. The presence of H+ is also likely,
because H+ can easily fit in between the larger Ru(bpy)32+ to complete the charge balance. Sources
of H+ abound, because the synthesis is carried out in water. Furthermore, the pH of a well-rinsed,
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pure water suspension of RuHexaPOX material is about 5.5, suggesting that a source of protons
exists within the solid.72

4.3.3 Scanning electron microscopy, SEM

(a)

(b)

Figure 4.3: Scanning electron microscopy (SEM) images of H4Nb6O17 (a) at low
magnification, and (b) at higher magnification
Scanning electron microscopy (SEM) images of H4Nb6O17, which is acid exchanged
potassium hexaniobate material, K4Nb6O17, are shown in Fig. 4.3. H4Nb6O17 is a bulk high-density
layered material. The interlayer spacing is less than a nanometer. A lower magnification image
showing micron size particles is shown in Fig 4.3 (a). In higher magnification image of Fig. 4.3
(b), it is seen that the layer habit of these crystals are distinct in the bulk material.

4.3.4 Transmission Electron Microscopy
Transmission electron microscopy (TEM) images of the hexaniobate colloid and
Ru(bpy)32+ dye sensitized RuHexaPOX are shown in Fig. 4.4. Fig. 4.4 (a) shows exfoliated
nanosheets, the majority of which are scrolled because of the surface tension created from the
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difference of atomic distribution in the structure, leading to porosity of the material. In figure 4.4a,
it is showing that exfoliated colloidal sheets have rolled up and formed random nanoscrolls. The
average length of the scrolls was found about 400 nm with an average diameter of ~30 nm. 85 The
TEM image of RuHexaPOX nanocomposite is shown in Fig. 4.4 (b), showing randomly distributed
restacked nanotubes. This random orientation created porosity in the structure. The diameter of the
nanotube is in the range of 25-30 nm. In some cases, it is showing two or more nanotubes are
connected with each other which also shows the feature of the restacking of the exfoliated anionic
nanoscrolls by cationic dye molecule. The length of the nanotubes has the range of sizes from 400
nm to micron. The end of the nanotubes have smooth edges or sometimes fraying. 78

Figure 4.4: Transmission electron microscopy images of (a) H4Nb6O17 after exfoliation into
nanosheets, which spontaneously roll into nanoscrolls, and (b) the new Ru(bpy)32+
sensitized porous oxide, RuHexaPOX. The black size bars are 200 nm.
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The UV-Vis diffuse reflectance (UV-Vis-DRS) spectrophotometry of the RuHexaPOX
nanocomposite is shown in Fig. 4.5. A Ru(bpy)32+ dye molecule has metal-to-ligand charge
transfer (MLCT) absorption band at 400-570 nm in aqueous condition. 64 The peak occurs at 452

Figure 4.5: a) Diffuse reflectance-UV-Vis spectrum (UV-DRS) of RuHexaPOX and b) UVVis spectrum of solution the Ru(bpy) Cl
3

2

nm. In the RuHexaPOX solid material the absorption band is in the range of 400-700 nm in the
visible region. The difference in absorption spectrum is common in case of two different condition
of the material. Nonetheless, it is showing the wide absorption spectrum in the visible region than
its parent layered material which has absorption only in the ultraviolet region. 26

4.3.5 Platinum nanoparticles deposition on RuHexaPOX using visible light
Platinum was photodeposited onto the RuHexaPOX materials. The platinum loading
explored were 0.3, 0.5 and 1 wt% in separate experiments. The square tubing reactor cells were
irradiated with visible light using a 75 W xenon arc lamp mounted with a UV filter. The reaction
was carried out for 5 hours to complete the metal nanoparticles photoreduction process. In Figure
4.6, the left test tube shows the RuHexaPOX photocatalyst before Pt deposition and the right test
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tube shows the solution after the Pt deposition. The presence of Pt nanometals is confirmed by
transmission electron microscopy (TEM) analysis and ICP elemental analysis.

Figure 4.6: Photographs of RuHexaPOX photocatalyst (a); RuHexaPOX (b); and 0.5 %
platinum (Pt) deposited RuhexaPOX
Transmission electron microscopy was performed on the different Pt loaded samples of
RuHexaPOX (shown in Fig. 4.7.). As discussed earlier, the RuHexaPOX nanocomposite was
formed by the restacking of randomly oriented colloidal nanosheets and nanoscrolls, which created
a disordered structure of agglomerated nanoscrolls. After photodeposition, Pt nanoparticles were
formed on the surface of the nanotubes. The small darker circularly shaped black dots are the Pt
nanoparticles in all the images. As can be seen, the formation of nanoparticles was not
regioselective. In some reports, it was found that nanoparticles formed only at the edges of the
nanotubes. In the new RuHexaPOX samples, the Pt particles are dispersed uniformly throughout
the structure and their size was uniform. Fig. 4.7d shows high magnification images of the
restacked nanotubes, where black dots are Pt nanoparticles distributed without any site preference.
The average Pt particle size was found in the range of 1-2 nm, which are ultra-small nanoparticles
on the nanotube. The ICP-OES elemental analyses indicate that the photodeposition experiment
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Figure 4.7: Transmission electron microscopy (TEM) image of different percentage of Pt
loaded RuHexaPOX a) 0.3 % Pt b) 0.5 % Pt c) 1.0 % Pt d) 0.3 % Pt at higher
magnification
was a success. Chemical analyses show that the visible light photo deposition process deposited
100% , 95.6 %, and 94.5 % of the Pt from solution for the 0.3, 0.5 and 1 % Pt samples of
HexaRuPOX, respectively.
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4.3.6 Hydrogen Evolution Experiments on RuHexaPOX with Visible Light
The photocatalytic hydrogen generation rate was tested for each of the different platinum
loaded RuHexaPOX (0.3, 0.5 and 1.0 % Pt) in water, with ethanol serving as the sacrificial electron
donor. The kinetics data are shown in Fig. 4.8. A GC-TCD instrument was used for the analysis
of the headspace gas (see experimental section for details). The instrument was calibrated with

Figure 4.8: Time courses H2 evolution for different percentages of Pt loaded RuHexaPOX
photocatalyst; reaction condition: photocatalyst: 30 mg; sacrificial donor:
ethanol (1 mL); light source: Xenon lamp (75 W), λ > 400 nm
pure H2 before running each sample for several hours. The straight lines represent hourly H 2 gas
collection data for the different Pt loaded samples. The reaction was run for 5 hours and the hourly
rate was calculated to be 12.36 µmol/h, 20.28 µmol/h and 15.51 µmol/h for 03, 0.5 and 1 % Pt
samples, respectively. The kinetic rate was steady in every case and the rate didn’t slow down. The
H2 evolution rate was the highest for the 0.5% Pt RuHexaPOX samples. The rate of the 1 % sample
was midway between that of the 0.3 % and 0.5 % Pt loaded RuHexaPOX. As found by ICP
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analysis, the Pt solution was almost completely deposited onto the RuHexaPOX in all cases. The
size of the particles was similar in all cases. Therefore, the 1% Pt loaded RuHexaPOX will have
more nanoparticles covering the surface than the others. As it’s a well-established fact that the
nanoparticles can scatter the light and more particles will contribute to the more scattering upon
light irradiation. As a result, photocatalytic activity will also slow down for higher percentages of
Pt loading, due to the loss of light reaching the sample.

4.3.7 Quantum efficiency calculation
The apparent quantum yield of the photocatalytic hydrogen evolution reaction was
calculated according to Eqn. 1, which is described in the experimental section. The average rate
per hour was taken by quantifying the moles of H2 generated for the different Pt loaded
RuHexaPOX photocatalyst. As the rate for 0.5 % Pt loaded sample was highest, the quantum
efficiency was found to be maximum for this optimum amount of Pt loading, which is about 27
%. The data is shown in table 4.1.

Table 4.1: Visible light hydrogen evolution quantum efficiency for platinized
RuHexaPOX with different Pt loadings.
Amount of Pt

0.3%

Rate in Hour

Quantum Efficiency (%)

16.38

12.36

0.5%

20.28

26.87

1.0%

15.51

20.55
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4.3.8 Photocatalyst Stability Tests
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Figure 4.8: Photocatalytic stability test for 0.5 % Pt loaded RuHexaPOX
over five reaction cycles, for a total of 25 hours.

The stability test of the RuHexaPOX photocatalyst was carried out using the optimum
percentage (0.5 %) of Pt loaded sample under visible light irradiation. The reactor solution was
rinsed after each photocatalytic cycle and new ethanol solution was added to the system at the
beginning of each photocatalysis process. Ethanol was used as sacrificial donor in all the cycles.
The kinetics data is shown in Fig. 4.8, and each line in the graph indicates the H 2 evolution data
for a different reaction cycle. The reaction rate was steady over time in each cycle. The reaction
rate were 20.28, 20.12, 19.75, 19.32, and 19.05 µmol/hr for the 1 st, 2nd, 3rd, 4th and 5th cycles,
respectively. As the rate didn’t not fall markedly between 1st and 5th cycle, the RuHexaPOX
photocatalyst shows great potential to be fit as a highly efficient and stable visible light
photocatalyst.
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4.3.9 Thermogravimetric Analyses
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Figure 4.9: Thermogravimetric analysis of RuHexaPOX in comparison with
acid exchanged H4Nb6O17.

Thermogravimetric analysis (TGA) curve, performed in air, for H4Nb6O17 (top) and
RuHexaPOX (bottom) is shown in Fig. 4.9. For H4Nb6O17, the initial mass loss corresponds to
surface adsorbed water vaporization, the characteristic mass loss between 265 °C and 350 °C is
due to a topotactic dehydration reaction, resulting in the formation of Nb 6O15.86 The RuHexaPOX
material shows initial dehydration as it heats up to 100 °C, which occurs from the loss of trapped
or surface adsorbed water. The RuHexaPOX material is surprisingly stable up to 400 °C. The
major mass loss that begins at 400 °C is probably due to the decomposition of the bipyridine
ligands on the Ru(bpy)32+. Thus, due to the protection offered by the layering inside the nanotubes,
the Ru(bpy)32+ molecules appear to exhibit increased thermal stability.
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Chapter 5
Porphyrin intercalated restacked metal oxide for
visible light hydrogen generation
5.1 Introduction
Layered semiconductor metal oxides are attractive to researchers, because of the structural
flexibility they possess to incorporate different molecules or ions into their structure. Modified
composite materials have been applied in thin film devices, sensor, catalysis, etc. 12 The popular
techniques used are intercalation, exfoliation, guest-guest exchange method, electrochemical selfassembly deposition, and precipitation or restacking.46 Among them, the restacking process has
been less explored. However, it is gaining more attention recently because it has promised to create
a more flexible structure than other methods.
KTiNbO5 is an example of a layered material that has been used as a photocatalytic
material. It consists of edge and corner-sharing TiO6 or NbO6 octahedral units that form a twodimensional layered structure.54 The layers are negatively charged, and K+ exist in the compact
interlayer spaces.54 The ion exchange properties of this kind of material has led to modification of
the structure to assist in photoinduced electron transfer reactions in the new intercalation
compound. Different dyes such as Ru(bpy)32+ and its analogs, porphyrins, and Ir(bpy)32+ based
dyes have been intercalated into layered materials to sensitize them as visible light active
photocatalysts. In contrast to the success of dye-sensitized solar cell (DSSC) technology, the
success in the dye-sensitized photocatalyst remains a challenge. The main drawbacks are the
stability of the photocatalyst, decomposition or deintercalation of the dye, tether failure, and
limitations of the bonding interaction between dye and layered materials. 32-34
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The exfoliation of layered materials into nanosheet colloids creates randomly dispersed
anionic nanosheets. These nanosheets were formed from the delamination of the compact layered
structure. The thickness of the nanosheets is about 1 nm, and the lateral dimensions are in the range
of nanometers to microns.57 Adding higher charge density cations like H+ to in the colloid
agglomerates the randomly dispersed nanosheets into a porous solid structure. This process known
as restacking of the layered material. There have been only a few literature reports using this
method to synthesize dye-sensitized photocatalysts. Direct restacking of the colloid using dye
molecules to create porous structure is yet to done successfully and should be explore further.
Here in this work, we have used porphyrin dyes with exfoliated layered semiconductor
materials to create new photo-functional materials. The exfoliated anionic nanosheets of the
layered materials are bind the cationic porphyrin molecule electrostatically. Recently, Tong et al.
reported the incorporation of a cationic porphyrin molecule into KSr2Nb3O10 layered material by
exfoliation-restacking route.87 The nanocomposite was used for electrochemical oxidation
catalysis process. From our group, we have recently reported a dye-sensitized photocatalyst using
cationic Ru(bpy)32+ dye molecule to restack exfoliated KTiNbO5 layered material.72 In this report,
we intend to use a similar technique to restack the same material by cationic TMPyP 4+ porphyrin
dye molecule to make a new dye-sensitized photocatalyst for hydrogen evolution. This new
nanocomposite was characterized by XRD, SEM, and TEM. The thermal and optical properties
were also measured. The new photocatalyst was also explored to generate hydrogen fuel from
water under visible light.

5.2 Experimental
5.2.1 Synthesis of KTiNbO5
Potassium titanium niobium pentoxide (KTiNbO5) was synthesized by conventional solidstate synthesis method.55 Reagent grade potassium carbonate (K2CO3, 99.9%, Fisher Chemicals),
titanium dioxide (TiO2, 99.5%, Sigma-Aldrich) and niobium(V) oxide (Nb 2O5, 99.9%, Alfa Aesar)
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were purchased and used as received. KTiNbO5 was prepared by grinding stoichiometric amounts
of K2CO3, TiO2 and Nb2O5 into fine powders with a mortar and pestle and were mixed thoroughly.
A 10% excess of K2CO3 was used to counteract loss of potassium as an oxide vapor during the
heating cycle. The mixture was heated in a crucible in a high temperature furnace (BF51800 series,
Lindberg/Blue, USA) and heated for 20 hours via the following program. The temperature was
raised from 20-120º C at 10º C/minute and held at 120º C for 60 minutes. The temperature was
then raised to 900° C at a rate of 10° C per minute and held at 900º C for 60 minutes. Finally, the
temperature was raised to 1100° C and held for 20 hours and was then allowed to cool to 20° C.
The product material, KTiNbO5, was stored at ambient conditions until needed.

5.2.2 Acid Exchange Process
HTiNbO5 powders were produced from powders of the parent compounds KTiNbO 5 by a
solution-based acid exchange process using a solid to liquid ratio of 5g/300 mL. KTiNbO 5 was
stirred in a 4 M aqueous HCl aqueous solution for 24 hours. The material solid was separated
from the liquid using centrifugation. The resulting wet solid was re-suspended and stirred in fresh
4 M HCl. The process of stirring and refreshing the solution was repeated four times. Finally, the
solid was washed with pure water before allowing the material to air dry in a glass dish at room
temperature.
5.2.3 Colloid Preparation
Aqueous tetrabutylammonium hydroxide (TBAOH, 40%- GFS Chemicals, Columbus,
Ohio, USA) was added dropwise to a suspension of powdered HTiNbO 5 to induce exfoliation until
the pH stabilized at 9.26 At this pH, the TBA+ cations are intercalated into the interlayer spaces,
resulting in the exfoliation of the individual metal oxide sheets into a colloidal mixture. The
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resulting mixture was stirred for a day with TBAOH added as needed to maintain the pH at 9. The
pH was monitored using phenolphthalein as an indicator. The indicator dye helps avoid problems
with leaking potassium cations from pH meter probes, as frequent pH determinations are
necessary. The colloid container was capped to avoid atmospheric CO 2 contamination.

5.2.4 Precipitation of colloids to synthesize porphyrin sensitized porous oxides (P-POX)
Based on the electrostatics ratio in KTiNbO5 the desired catalyst material is
[TMPyP](TiNbO5)4, or P-POX. This was prepared by restacking or agglomerating the colloidal
nanosheets.

Triple

the

stoichiometric

amount

of

5,10,15,20-Tetrakis(1-methyl-4-

pyridinio)porphyrin tetra(p-toluenesulfonate) or TMPyP4+ was weighed out and dissolved in
water. The concentration of the resulting dye solution was about 0.067 M. The colloid of materials
(conc. 0.015 g/mL) were added dropwise into the slowly stirred dye solution. A reddish brown
colored solid precipitated out from the mixture. After the reaction, the vial was stored in the dark
overnight. The precipitated mixture was then centrifuged. The supernatant liquid was removed,
and fresh water was added. The centrifuge and rinsing steps were repeated at least five times until
the supernatant water remained clear of any dye. The rinsed wet TMPyP 4+-porous oxide catalysts
are now denoted as P-POX.
5.2.5 Dye content analysis
The loading of TMPyP4+ in the P-POX was measured via the UV-Vis absorption
spectroscopy of the supernatant liquid during the rinses at the maximum absorption wavelength of
421 nm.88 The difference between the original and final concentrations was used to quantify the
intercalated dye.
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5.2.6 Visible light photodeposition of Pt onto dye-sensitized metal oxides:
Aqueous H2PtCl6 was used as the Pt precursor solution for the 0.1 % Pt content in the PPOX structure. It is acidic, and TBAOH was used as a neutralization base for the titration of the
Pt source compound. The reactor tube was filled with P-POX composite, required Pt solution and
sacrificial donor (ethanol). The photocatalyst components were purged with argon before the
photodeposition process under visible light. The light source was 75 W Xenon arc lamp.
5.2.7 Photocatalysis experiment
The appropriate quantity of the Pt loaded P-POX material was placed in a square glass
tubing reactor. Ethanol (99.5%) was added as a sacrificial donor (1 mL). The reactor volume of
the catalysts with the liquid was 14 mL in 91 mL of total volume. The pH of this solution was
measured with pH indicator strips and was in the range of 5-6. The liquid solution was purged with
argon to remove dissolved oxygen for 10 mins. The square tubing reactor tube was sealed with
Suba Seal septa. The head space volume was purged with argon to create an inert atmosphere. A
75W xenon arc lamp (Cat#27-1031, Ealing Inc., Rocklin, CA, USA) was the solar light source
attached with a long pass filter to cut off the UV light. The rate of hydrogen evolution was
measured using a Hamilton Beach lock airtight syringe. After every hour, 0.20 mL of the
headspace gas was withdrawn with a sample lock syringe and injected into a gas chromatograph.
The withdrawn gas was replaced with an equal amount of argon gas in the reactor. The dilution
due to sampling was corrected in the reported data.
5.2.8 Material characterization
X-ray powder diffraction of parent KTiNbO5, HTiNbO5 and dye-sensitized catalyst was
measured by X-ray diffractometer, (Cu Kα radiation Siemens D5000, Germany). UV–Vis diffuse
reflectance spectroscopy (UV-3101 PC, Shimadzu, Japan) was used to determine the absorption
spectrum of the modified catalyst. Scanning electron microscopy (SEM, S-4800, Hitachi, Japan)
was used to verify the morphology of the catalyst materials. The absorption spectrum of the UV
filter and dye solutions were obtained spectrophotometrically (Cary 300). Transmission electron
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microscopy (TEM) was performed with an H-7650 (Hitachi High-Technologies Corp.,
www.hitachi-hta.com, Pleasanton, CA). The hydrogen gas was tested with a Shimadzu GC-8A gas
chromatograph with a thermal conductivity detector. The column was Zebron Capillary GC
Column ZB-1 ( Dimension 30 meters length, I.D. 0.53 mm, Film thickness 5.00um) Phenomenex
(Torrance, CA).
5.2.9 Quantum Efficiency of Hydrogen Evolution
The quantum efficiency of the H2 evolution was calculated using the following equation.
Apparent quantum yield (AQY),
𝐴𝑄𝑌(%) =

𝑅
𝑋100 … … … … … (1)
2𝐼

Where R and I represent the maximum rate at which H2 molecules were evolved and the rate at
which photons impinge on the sample, respectively.
𝑝𝜆
𝑛=
… … … … … (2)
ℎ𝑐
n, p, λ, h, and c are the number of photons, the power of photons in watts, the wavelength of light
(452 nm), Planck’s constant (6.626 x 10-34 J∙s) and the speed of light (2.99 x 108 m/sec),
respectively. The power of light bulb was measured using a power meter (PM 100, Thorlabs Inc.,
Newton, New Jersey, USA) in conjunction with a thermal sensor (S212A-10 W, Thorlabs Inc.,
Newton, New Jersey, USA). The number of photons was calculated from equation 2, which is 9.08
x 1019 photons/hr. The apparent quantum yield (AQY) was calculated using equation 1 using the
average rate of H2 evolution.
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5.3 Results and discussions
In this work, we have used a cationic porphyrin, TMPyP4+ and a restacked mixed metal
oxide, KTiNbO5 to create a novel material, [TMPyP]x(TiNbO5)4. KTiNbO5 is an ion-exchangeable
layered metal oxide. The reaction of acid exchanged KTiNbO5, or KTiNbO5, with an organic base,
TBAOH in water delaminated this layered material into exfoliated colloidal nanostructures. These
nanostructures are two-dimensional metal oxide nanosheets, which can be represented as
(TiNbO5ˉ )n, which are anionic.57 In this report, a cationic 5,10,15,20-Tetrakis(1-methyl-4-

Figure 5.1: (a) The cationic porphyrin dye molecule as TMPyP4+, and (b) an
aqueous sample of the new P-POX material, showing the intensity
of the reddish brown color from the high loading of TMPyP4+.

pyridinio) porphyrin abbreviated as TMPyP4+ was used to precipitate (TiNbO5ˉ )n nanosheets into
random positions that the individual exfoliated sheets adopt, during the sudden precipitation of the
color porous agglomerates shown in Fig. 5.1 (b). The porosity in the composites resulted from the
precipitation of colloid by TMPyP4+. Although it’s not exactly a precipitation reaction, exfoliated
anionic colloidal nanosheets restack or agglomerate randomly with the application of TMPyP 4+
cation. The sheets are folded, wrinkled, rolled, and randomly arranged, which creates voids, or
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pores.47 The new nanomaterial composite will be called as P-POX which is TMPyP 4+ porphyrin
(P) incorporated porous oxide (POX).
5.3.1 Dye content analysis
The amount of dye that was incorporated into the porous oxide; the analysis was done using
UV-Vis absorption spectroscopy. The TMPyP4+ content was found to be 713.17 mg/g ±5%, which
is equivalent to 1050.11 µmol/g. Using an electrostatics-based stoichiometry from an ideal
formula of [TMPyP]x(TiNbO5)4, where x =1, the theoretical maximum amount of dye that can be
combined into the ionic solid was calculated to be 924.84 mg/g, which is equivalent to 1361.78
µmol/g. Experimental results showed that very high dye loadings were achieved, where x = 0.771
±5 %. On an electrostatic basis, this means that 77.1 % of the theoretical maximum dye loading
was attained in the synthesis. The surface area per charge ratio of a single (TiNbO 5ˉ )n sheet is
0.123 nm2/charge. The area of the molecular plane of TMPyP 4+ is approximately 3 nm2.89 So, the
charge density for TMPyP4+ molecule to be 0.75 nm2/charge. In comparing the value of the charge
density of (TiNbO5ˉ )n to that of the TMPyP 4+, we find that the TMPyP4+ requires 6.10 times more
area per charge than (TiNbO5ˉ )n provides. By using the inverse ratio (0.16), the sheet offers only
16 % of the charge density required by the TMPyP4+. It indicates that the 100 % loading of
TMPyP4+ based on surface/charge ratio is not feasible.
The distances between adjacent cationic charge in the molecule of TMPyP is about 1.09
nm. Taking the square footprint of the smaller side of the TMPyP 4+ molecule, the area is 1.19 nm2.
By considering the surface area of the new restacked composite, we can calculate the amount of
porphyrin dye that can adsorb with the available surface. The surface area of an acid restacked
titaniobate material has been reported by our group, the surface area of these similar POX material
can be taken as estimation. If the surface area of the new material to be 150 m 2/g for our surface
area calculation, the maximum amount of TMPyP4+ dye molecule is estimated to be 209.32
µmol/g. However, we found that the TMPyP 4+ dye amount is 1050.11 µmol/g, which is ~ 5 times
more than the surface adsorbed amount. As for restacked material the internal surface area is much
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greater than the outside surface, so the TMPyP 4+ dye molecule was incorporated inside the
restacked material and therefore enhances the sanitization of the metal oxide material.
5.3.2 X-ray Diffraction
XRD Patterns of the parent KTiNbO5 and Porphyrin sensitized restacked POX or P-POX

Figure 5.2: X-ray Diffraction of a) P-POX b) KTiNbO5
are shown in Fig.5.2. The XRD of parent KTiNbO5 was matched with library pattern file, JCPDS
054-1155. It is an orthorhombic, crystalline layered material, also mentioned in earlier chapters.
The layer spacing is about 0.92 nm due to the presence of interlayer K + cation.89 However,
compared to the parent material, the porphyrin sensitized restacked material (P-POX) didn’t show
any crystalline peak or any distinct characteristics of peaks. The only one low-intensity peak
indicating amorphicity of the material. It can also be said that it’s not following any kind of
periodicity in the material structure.
5.3.3 UV-Vis Diffuse Reflectance Spectrophotometry of P-POX
Figure 5.3 shows the UV-Vis diffuse reflectance (UV-Vis-DRS) absorption
spectrophotometry of P-POX. The presence of TMPyP4+ molecule in P-POX is confirmed by the
93

absorption peak in the spectrum. The UV-Vis of TMPyP 4+ in water solution presents five

Absorbance (a.u.)

absorption bands in the visible region: the soret band at around 420 nm and the Q bands
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Figure 5.3: UV-Vis diffuse reflectance spectra (DRS) of dried P-POX
respectively at 518, 551, 585 and 641 nm.88 However, the absorption bands of TMPyP 4+ in P-POX
has red shifted in the following peaks: 423, 525, 594 and 649 nm. The spectrum of the dye
molecules trapped in the solid differs from the solution spectrum is reported in the literature. This
may originate due to the interaction of dye with host, dye-dye interaction in a closed contact or
any other distortion.90,91, 92

5.3.4 Scanning Electron microscopy analysis
Figure 5.4 shows a scanning electron microscopy (SEM) image of (a) HTiNbO5, and (b)
air-dried samples of the P-POX material. HTiNbO5 was derived by the proton (H+) exchange of
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Figure 5.4: SEM Scanning electron microscopy of (a) HTiNbO5, (b) P-POX

KTiNbO5 and is also a crystalline material. It also has a densely stacked layered structure like
parent KTiNbO5. However, the new P-POX material shows the porosity in the structure where
the restacked nanosheets have curled and randomly arranged. The structures have many void
spaces in the structure which led the new P-POX material to a low-density material.
5.3.5 Transmission electron microscopy (TEM) analysis:
Figure 5.5 shows the transmission electron microscopy (TEM) image of the P-POX
nanocomposite. It shows the mixture of random and consistent transformation together which is
unusual for a restacked material. The width of the tubular side is about 150 nm. It is shown in
literature that restacked nanosheets may create completely turbostratic structure while the new PPOX shows some orderly arrangement besides turbostratic nature as shown in the images.
5.3.6 Thermogravimetric analysis of P-POX
Thermogravimetric analysis (TGA) of P-POX nanocomposite is shown in Fig. 5.6. It shows
the gradual mass loss in different stages. Up to 150 ° C, the wight loss was due to evaporation of
surface and adsorbed water. The next mass loss from 350-400 °C probably due to topotactic
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Figure 5.5: Transmission electron microscopy of P-POX at two different scale bars

dehydration reaction of the porous oxide host material. And above that temperature, the mass loss
is due to decomposition of TMPyP4+ molecule.
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Figure 5.6: Thermogravimetric analysis of P-POX nanocomposite
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5.3.7 Visible light dye-sensitized hydrogen evolution: H 2 generation kinetics
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Figure 5.7: Time course H2 evolution for 0.1 % Pt loaded P-POX photocatalyst;
reaction condition: photocatalyst: 15 mg; sacrificial donor: ethanol (1
mL); light source: Xenon lamp (75 W), λ > 400 nm

The P-POX material was tested for photocatalytic activity for hydrogen generation under
irradiation by visible light from water reduction. Hydrogen generation rate was tested for 0.1 % Pt
loaded P-POX. Platinum was deposited under visible light. The kinetics data is shown in Fig. 5.7.
Ethanol was used as a sacrificial donor for this photocatalytic water reduction process. The GCTCD instrument was used for the analysis of the headspace gas. The instrument was calibrated
with pure H2 during each photocatalytic reaction cycle. The straight lines represent H 2 gas
collection at an hourly interval. The reaction was run for 5 hours, and the average hourly rate was
14.6 µmole/hr for 0.1 % Pt loaded P-POX. From the data, it is showing that the rate was not falling
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over the reaction cycle. It is concluded that the nanocomposite material could be used for
photocatalytic activity for sustainable hydrogen generation for a longer time.

5.3.8 Quantum efficiency calculation
The apparent quantum yield was calculated according to equation one described in the
experimental section. The average rate in an hour was taken for the quantifying the moles of H 2
generated for the 0.1% Pt loaded P-POX photocatalyst. The apparent quantum yield was calculated
to be 19.40 % for the system shown in table 5.1.

Table 5.1: Q.E. of the porphyrin dye-sensitized titanoniobate porous oxide (P-POX) with
different Pt Loading

Amount of Pt

Rate in Hour

Quantum Efficiency (%)

0.1 %

14.62

19.40

98

Chapter 6
Rapid Intercalation of Methylene Blue with a Novel Porous Ti-Nb Metal
Oxide
6.1 Introduction
Many materials have been studied as hosts or adsorbents for dyes compounds. Host
materials include dry plant biomass, activated carbons derived from biomass, graphitic carbons,
polymers, and clays.93 Due to their potential as high capacity hosts, layered oxide materials have
also generated much interest for the intercalation of water soluble dyes. 94 There are numerous
reports of clays being used to absorb or intercalate organic dyes.95 In addition, many layered
transition metal oxides are ion exchangeable, and ionic dyes can be loaded into these materials via
intercalation methods.96 The intercalation of dyes into the interlayer regions of layered materials
can produce unique molecular dye-host interactions and dye-dye interactions, which can alter the
photo physical properties of the dyes and may improve the retention of the dyes and the loading
capacity of the host.68 Layered material-dye composites have also been explored as sensor
materials, electrocatalytic films, and as photocatalysts.12
Our research group and others have been exploring the formation of new materials, made
possible by the restacking of aqueous colloids of ionic nanosheets derived via the exfoliation of
layered oxides.35, 42, 59, 72, 97 This interesting approach can form composite layered materials that
are not possible via conventional intercalation routes. 47,

72

The restacking process creates

turbostratic layered materials full of disorder, which produces voids and pores in the restacked
solid. The resulting porosity gives rise to greatly increased surface areas, and the cations used to
restack anionic nanosheets end up sandwiched between the restacked nanosheets, thus forming the
pore walls of the new materials. The ionic nature of the building blocks in the restacking process
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generally gives the new materials the ability to exchange their cations with those in the surrounding
medium.72, 98
Methylene blue (methylthioninium, MB+) is a water soluble cationic dye molecule (see
Fig. 6.1), which has been used in the field of therapeutic medicine, and as a stain in biological
tissue analysis, and as a DNA intercalant.99,100 MB+ is also used in industrial processes, often as a

N

N

S+

N

Figure 6.1: The molecular structure of methylene blue

dye for textile, paper, leather, and hair colorants.101 MB+ has been explored as an electron transfer
mediator in thin film electrode systems in electrochemical systems, 102 and thin films of layered
transition metal oxides with intercalated MB+ have been explored.103-105 The absorption of MB+
into various other materials has also been investigated.106-108 For monomeric MB+, the molar
absorptivity at 664 nm is very high at 95000 mol-1cm-1. However, in aqueous solutions it is known
that a fraction of the dissolved MB+ spontaneously forms dimers, which produces a new absorption
peak at 605 nm in the UV-Vis transmission spectrum. 109
Typically, intercalations of layered materials via ion exchange are accomplished using
concentration gradients to drive the exchanges. However, due to size and charge density factors,
the direct intercalation of MB+ into layered metal oxides is difficult.46 Even with the aid of preexpansion intercalation as an intermediate step, the intercalation of MB + into layered KTiNbO5 or
KNb3O8 took about two weeks to complete.105 There have been two reports in the literature where
the cationic character of methylene blue (MB+) was used to induce the restacking of anionic
nanosheet colloids to form a type of MB+ intercalated composite material. One used MB+
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restacked K4Nb6O17 as a photocatalyst, however, the restacked composite was not stable and MB+
de-intercalated back into solution during electrochemical measurements. 46 The other report
investigated MB+ restacked KCa2Nb3O10 as an electrocatalyst.110
In this paper, we report for the first time the synthesis of an acidic, ion exchangeable,
porous metal oxide solid (HPOX), which is used as a host for the subsequent intercalation of MB +.
In contrast to the two MB+ induced restacking reports mentioned above,27-29 the HPOX material
used in this work is first synthesized by using acid to restack nanosheet colloids, which were
derived from exfoliated KTiNbO5, thus producing a porous oxide (HPOX) host. The HPOX solids
have the same empirical formula as the dense parent HTiNbO5, however, they are porous, low
density solids.72

In this work, we characterized the intercalation properties of HPOX by

intercalating MB+ into HPOX in aqueous solutions. The intercalation proceeded via simple ion
exchange, resulting in a new MB-porous oxide composite, referred to as MB-POX. The HPOX
material had a high affinity for MB+, intercalating MB+ very quickly, even from solutions in which
the MB+ concentration was below 50 ppm. To the best of our knowledge, the use of acid-restacked
KTiNbO5 (HPOX) as a host to intercalate MB+ has not been reported. The synthetic methodology
reported here is general and could easily be adapted to make other interesting composites. The
higher surface area and porosity of the HPOX material may contribute to the fast intercalation and
high loading of MB+. HPOX solids show promise as a useful host material, an efficient absorbent
material, and a possible dye stabilizer.
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6.2 Experimental Methods
6.2.1 Synthesis of KTiNbO5
The synthesis of potassium titanium niobium pentoxide (KTiNbO 5) was based on a
conventional solid-state synthesis method.55 Reagent grade potassium carbonate (99.9%, Fisher
Chemicals), titanium dioxide (99.5%, Sigma-Aldrich) and niobium(V) oxide (99.9%, Alfa Aesar)
were purchased and used as received. KTiNbO5 was prepared by grinding stoichiometric amounts
of K2CO3, TiO2 and Nb2O5 into fine powders with a mortar and pestle and were mixed together
thoroughly. A 10% excess of K2CO3 was used to counteract the loss of potassium as an oxide
vapor during the heating cycle. The mixture was heated in a crucible in a high temperature furnace
(BF51800 series, Lindberg/Blue, USA) and heated for 20 hours via the following program. The
temperature was raised from 20-120º C at 10º C/minute and held at 120º C for 60 minutes. The
temperature was then raised to 900° C at a rate of 10° C per minute and held at 900º C for 60
minutes. Finally, the temperature was raised to 1100° C and held for 20 hours and was then
allowed to cool slowly to 20° C. The product material, KTiNbO 5, was stored at ambient conditions
until needed.

6.2.2 Synthesis of HTiNbO5

Equation 1. Solid state synthesis of layered KTiNbO5 material

HTiNbO5 was derived from the parent compound, KTiNbO5, by a solution-based ion
exchange process, using a solid to liquid ratio of 3 g/200 mL. Powdered KTiNbO 5 was stirred in
aqueous 4 M HCl for 24 hours. The solid was then separated from the liquid using centrifugation.
The wet solid was then re-suspended and stirred again in fresh 4 M HCl. Stirring the solid with
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fresh acid was done a total of four times. Finally, the solid was washed with pure water before
allowing the HTiNbO5 material to air dry at room temperature in an open dish.

Step 6.1: Interlayer K+ ion exchanged with H+ to synthesize HTiNbO5

6.2.3 Preparation of the Nanosheet Colloids
Exfoliation of HTiNbO5 was done using 40 % aqueous tetrabutylammonium hydroxide
(TBAOH, GFS Chemicals, Columbus, Ohio, USA), added dropwise to a suspension of powdered
HTiNbO5 until the pH stabilized at about 9. Above about pH 8, enough TBA + cations are
Step 6.2: Exfoliation of HTiNbO5 using TBAOH to make colloidal solution

intercalated into the interlayer spaces to promote the exfoliation of the individual metal oxide
nanosheets into a colloid, (TBA)TiNbO5. The individual nanosheets are referred to as (TiNbO5ˉ )n.
The colloid was stirred for a day with TBAOH added as needed to maintain the pH at 9. The pH
was monitored using phenolphthalein as an indicator. The indicator dye helps avoid problems
with leaking potassium cations from common pH meter probes, as frequent pH determinations are
necessary.

The colloid container was covered with rubber lid to avoid atmospheric CO 2

contamination.
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6.2.4 Synthesis of Acid Restacked Porous Oxide (HPOX)
To make the porous oxide materials, colloids of (TBA)TiNbO5 at pH 9 or 10 were
precipitated by adding 3 mL of 2 M HCl into 10 mL of the colloid dropwise while stirring. The
H+ cations precipitate or restack the negative colloidal sheets in the acidic solution and create a
fluffy white disordered structure. The acid restacked precipitate product was rinsed and washed
with pure water until a constant pH of 5 or 6 was achieved. The resulting porous oxide is restacked
(TiNbO5ˉ )n with H+ and it is abbreviated as HPOX.

Step 6.3: Precipitation of colloids by concentrated HCl added dropwise

6.2.5 Intercalation of Methylene Blue (MB +) into HPOX
While stirring 2 mL of water that contained 20 mg of HPOX, 3-4 drops of 50 ppm aqueous
methylene blue were added from a burette every 5 to 10 seconds. MB + was added until the
supernatant liquid remained blue and the solid did not appear to absorb any more (total time
approx. 10 min.). At that time, an additional 2 mL of the MB+ solution was added and the mixture
was allowed to sit overnight. The resulting MB-loaded porous oxide materials were centrifuged
and rinsed many times with pure water until no dye was present in the rinse water. The MB +
intercalated porous oxide material is referred to as MB-POX.
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6.2.6 Small-angle X-ray Scattering
Small angle X-ray scattering (SAXS) measurements were carried out using a Xeuss 2.0
HR SAXS/WAXS system (Xenocs, Sassenage, France) with a Cu source tuned to λ = 0.1542 nm.
Three sample-detector distances (sd) of 156 mm, 1130 mm, and 2400 mm, to span a Q-range of
0.0032-2.6 Å-1. In SAXS, X-rays scattered as function of the scattering angle 2θ, with respect to
the transmitted direct beam, are collected on an area detector. The 2-D data is azimuthally
averaged and plotted as I(Q). Here, Q is given by Q = 4πsinθ/ λ, where θ is half the scattering
angle, and Q is related to the size of the scattering object d as Q ~ 1/d. Data was collected for 1800
s at sd 1130 mm, 2400 mm and for 600 s at sd 156 mm to obtain the counting statistics shown in
the plots. Scattering from a water-filled capillary was used as the background measurement and
subtracted from the presented data. The SAXS intensity I(Q) was scaled to units of differential
scattering cross section per unit volume (cm-1) using a glassy carbon intensity calibration
standard.111 The HPOX and the MB-POX materials in water were each loaded into 1 mm path
length, thin wall, boron-rich, glass capillaries, which were then sealed using beeswax.
6.2.7 Other characterizations
UV–Vis diffuse reflectance spectra of the dried MB-POX materials were measured (UVVis-DRS: UV-3101 PC, Shimadzu, Japan). UV-Vis transmission absorption spectra of MB + dye
solutions were obtained using Cary 300, Cary 50, and Cary 60 spectrophotometers (Varian, USA).
Scanning electron microscopy (SEM: Hitachi S-4800, Japan) was used to inspect the morphology
of the materials. For the SEM analysis, samples were air dried and placed on carbon tape for the
analyses. Transmission electron microscopy (TEM) was performed with a Hitachi-7650 (Japan)
at New Mexico State University under a grant from the National Science Foundation, MRI-DBI0520956. Raman spectra were obtained using an Horiba LabRAM HR Evolution (France), where
the excitation laser wavelength used was 532 nm, and the samples were air dried before analysis.
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6.3 Results and Discussions
KTiNbO5 is a layered metal oxide semiconductor material, well known for the ability to
ion exchange its potassium cations for other cations in aqueous solutions. 112 Consequently, the
synthesis of HTiNbO5 from KTiNbO5 was easily achieved by stirring powdered KTiNbO5 in a
series of strong acid solutions to drive the ion exchange process. Subsequently, HTiNbO 5 was
exfoliated in water into a colloid of single nanosheets,113 using tetrabutylammonium hydroxide
(TBA+OHˉ ). Exfoliation occurs via an acid-base neutralization reaction, which consumes the H +
and forces the bulky TBA+ in between the oxide layers, promoting the exfoliation of the layers
into anionic nanosheets.113 The metal oxide nanosheets are represented as (TiNbO5ˉ )n. The
nanosheets are almost 1 nm thick and may extend to lateral dimensions of several microns. 57 Our
lab and others have shown that such colloids can be restacked by introducing suitable cations into
the colloid solutions, causing the nanosheets to quickly aggregate into porous low density solids. 43
The resulting porosity is due to the imperfections and disorder caused by the folding and wrinkling
of the sheets as they restack, thus forming voids or pores. Here we have induced the restacking of
the (TiNbO5ˉ )n colloids with acid, resulting in an acidic porous oxide (HPOX) with H + holding
the (TiNbO5ˉ )n sheets together through ionic interactions. The combination of H + and the
KTiNbO5 + H+
HTiNbO5 + TBAOH

→

(TiNbO5ˉ )n colloid + H+

→

HTiNbO5 + K+

(TiNbO5ˉ )n colloid + H2O + TBA+
→

HPOX (= porous HTiNbO5 solid)

Scheme 6.1: Summary of the synthesis of HPOX starting from KTiNbO 5

(TiNbO5ˉ )n nanosheets in water forms porous HTiNbO5 (or HPOX), which is a stable material
when dried at low temperatures (see scheme 6.1).47 However, HPOX is a porous low density
material and the parent HTiNbO5 is not. Like the parent materials HTiNbO5 and KTiNbO5, HPOX
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is an ionic layered compound that can be ion exchanged. 72 Compared with the dense nature of the
parent compounds KTiNbO5 or HTiNbO5, the open pore high surface area structure of HPOX
appears to promote improved mass transport throughout the solid, possibly speeding up ion
exchange and other processes.114
The synthesized HPOX was explored here as a host for the intercalation of methylene blue
in water. In aqueous solutions MB+ is a singly charged cation (see Fig. 6.1). In water MB+ partially
self-associates as a cationic dimer (MB+)2 at concentrations higher than 2.5 x 10-6 M due to
hydrophobic interactions.62 Compared to H+, MB+ has a relatively low charge density, due to its
larger size. Therefore, it was surprising to find that MB+ very quickly intercalated into the HPOX
materials in water, displacing the H+ in the process. While stirring, 3-4 drops of a MB+ solution
were added to the HPOX material at 5 or 10 second intervals, and within seconds of each addition,
the blue color of the MB+ dye in the liquid phase disappeared completely and colored the solid.
Even at about 80% of the maximum loading of MB+ into the HPOX, the rate of MB+ absorption
was very fast and the HPOX took only seconds to intercalate the newly added MB +. The
intercalation of MB+ resulted in a deep blue solid, where the methylene blue was held in the
interlayer regions of HPOX.
MB-POX.

This new MB+ intercalated HPOX material is referred to as

The intercalation procedure is shown in Fig. 6.2. The saturated MB-POX was

thoroughly rinsed with pure water before all characterizations. Before considering the results of
MB+ intercalation into HPOX to create MB-POX, some discussion on the common driving forces
that enable intercalations will be useful. Typically, the intercalation of ionic layered materials via
ion exchange is accomplished using concentration gradients to drive the exchange. This strategy
involves soaking the parent compound in fairly concentrated aqueous solutions of the desired ion.
The concentration gradient induces the release of the old ion into solution and the intercalation of
the new ion into the solid. Generally this treatment must be repeated several times with fresh
solutions in order to achieve a full exchange of the ions. 47 As in the present work, the ion exchange
process used to exfoliate HTiNbO5 is in a special category. The neutralization of the interlayer H+
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ions by the TBAOH resulted TBA+ as the only cation available for intercalation into the solid. The
resulting electrostatic attraction forces push the large TBA+ cations into the interlayer regions,
expanding the layers, and thus powering the exfoliation process. 72 The low charge density of the
intercalated TBA+ does not fully compensate the charge of the layers of sheets, which leaves the
sheets with a net negative charge, creating a colloidal suspension of sheets.
In some cases, ion exchange processes can also be driven by a substantial difference in the
charge densities of the two competing ions, where the higher charge density ion interacts more
strongly with the host and can therefore be preferentially intercalated. Therefore, even without a
concentration gradient, some ion exchange may be possible via a charge density effect. Compared
to the size of simple atomic cations like K+, MB+ is a relatively large molecule with a low charge
density. Consequently, the kinetics of MB+ intercalation into bulk layered materials can be
relatively slow or impossible, even with the help of concentration gradients. 105 For example, the

Figure 6.2: Summary of the procedure for the intercalation of MB+ into
HPOX to make MB-POX.
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intercalation of MB into the layered compounds of KTiNbO5 and KNb3O8, after pre-expanding
the layers with propylamine as an intermediate, required two weeks. 105, 115 The reported result was
about 0.23 mol per [TiNbO5]− and 0.19 mol per [Nb3O8]−. In our results presented here, without
using pre-expansion, the direct intercalation of MB+ into HTiNbO5 in water resulted only a trace
amount of intercalation. The quantity was only 0.056 µmol/g of parent (acid exchanged) layer
HTiNbO5.

6.3.1 Electron microscopy
To observe any morphological changes of the new materials, dried samples were examined
using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Figure
6.3a is an SEM image of the acid-exchanged KTiNbO5 material (HTiNbO5). Both KTiNbO5 and
HTiNbO5 have dense, layered structures. Fig 6.3b is an SEM image of an air dried sample of the
HPOX material, indicating that it possesses a random, low density porous structure. When air
dried, much of the open porosity in HPOX is lost due to the crushing power of the water-water and
the water-oxide intermolecular forces during drying.116

Drying of porous materials using

supercritical point CO2 methods can help preserve porosity,59 however, samples in this work were
air dried at ambient conditions. In the synthesis of HPOX, Fig. 6.3b shows that the individual
(TiNbO5ˉ )n nanosheets aggregated into a continuous solid with the sheets randomly arranged. As
described above and elsewhere, this random positioning of the sheets contributes to the porosity
of the HPOX material. The pore walls of the restacked material are composed of just a few
restacked sheets, and are therefore only a few nanometers thick.72 The bright raised lines in Fig
3b and Fig 3c are due to the formation of wrinkles from the folding and shrinking of the larger
sheet-like agglomerates, which are formed during the restacking process. Fig 6.3c is a typical
SEM image of an air-dried sample of the new MB-POX material. It is apparent from the SEM
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image data that the process of intercalation of MB+ into the HPOX materials did not cause any
remarkable morphological changes to the HPOX.

Figure 6.3: Scanning electron microscopy image of (a) HTiNbO5 derived from KTiNbO5,
(b) the restacked HPOX, and (c) MB-POX

Figure 6.4a shows a transmission electron microscopy (TEM) image of the individual
(TiNbO5ˉ )n nanosheets found in the colloid suspensions, which are derived from the exfoliation
of HTiNbO5. Figure 6.4a shows that the HTiNbO5 material was completely exfoliated at pH 9,
resulting in a colloid of single sheet (TiNbO5ˉ )n nanosheets. The thickness of these nanosheets are
approximately 1 nm (0.86 nm) and the lateral dimensions range from 0.1 µm to 10 µm, depending
on the size of the HTiNbO5 crystallites before exfoliation.117 Figure 6.4b and 6.4c are TEM images

Figure 6.4: Transmission electron microscopy (TEM) image of (a) Exfoliated nanosheet in
(TBA)TiNbO5 colloid, (b) H+ restacked porous oxide (HPOX), and (b) MB110

POX

of HPOX and MB-POX material, showing the random order of the restacked (TiNbO 5ˉ )n
nanosheets. The overlapping, folding, and shrinking of the sheets (during drying) creates wrinkles,
which are seen as thin dark lines in the image. The random orientation of the nanosheets creates
voids and porosity in the structure.
6.3.2 Small and Wide-Angle X-ray Analyses of HPOX and MB-POX
The restacked HPOX and the intercalated MB-POX materials were analyzed using small
and wide angle X-ray scattering (SAXS/WAXS) to obtain insights about the nature of the
methylene blue (MB+) intercalation into these materials. All samples were measured in the
presence of water to avoid disruption of the structure, especially in the case of HPOX. As
determined by SAXS, macroscopically (>100 nm) the HPOX exhibits a change in the mass fractal
dimension from dm = 2.58 to dm = 2.86 as it is converted into MB-POX via MB+ intercalation,
indicating a more compact structure in the MB-POX with the presence of MB + as compared to the
HPOX. HPOX has a local surface roughness characterized by a Porod exponent of P 1 = 3.68,
which does not substantially change with MB+ adsorption, and the two-dimensional nanosheets
have a corrugation dimension characterized by a correlation length of 17.8 nm, which increases to
18.1 nm with MB+ uptake. Evidence that approximately half of the HPOX interlayers undergo
intercalation is indicated by the changes to the 2θ peak near 7.5° (see figure 3). HPOX in water
results in a broad, disordered interlayer peak corresponding to a d-spacing of 11.83 Å. As
compared to KTiNbO5 and HTiNbO5, with d-spacings of 9.2 Å and 8.6 Å respectively, the dspacing of 11.83 Å for the HPOX in water is strong evidence that the interlayer is well hydrated
under these conditions, with the extra water swelling the interlayer regions. In part, the larger dspacing of HPOX can attributed to the turbostratic nature of the restacked nanosheets, which
prevents the compact order seen in the parent compounds. After the HPOX is intercalated with
MB+, half of the structure develops sharper more ordered peak, corresponding to a spacing of 11.04
Å. The intercalation of MB+ into the HPOX structure to produce MB-POX was observed.
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The scattering of the HPOX system occurs over 7 decades in intensity in the measured Qrange, demonstrating structure over several orders of magnitude. The signal measured from Q
0.003-0.4 Å-1 may be described using a two-level unified power/exponent law. The unified
exponential/power law model developed by Beaucage118, 119 (henceforth referred to as the UEP
model), allows extracting information from multiple structural regimes and was fit to I(Q) SAXS
curves for each sample. The UEP data fit of HPOX and MB-POX are shown in Fig. 6.5. In the
UEP model:
𝐼(𝑄) = ∑

𝐺 𝑒

,

/

+

,

/√
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+ bgd

Here i = 0 refers to the largest structure to be fit with the model, G i is a constant related to
the particle’s composition and concentration, Rg is the radius of gyration of the structure, Bi is
specific to the type of power-law scattering and is defined by the regime in which the exponent P i
falls, and bgd is a constant to account for a flat background signal. A scattering exponent P i >4
corresponds to a diffuse interface. Values of 3< P i <4 correspond to surface fractal scattering,
where Pi = 3 corresponds to rough surfaces, and Pi = 4 correspond to smooth surfaces. Values of
2< Pi <3 correspond to mass fractal scattering, where P i = 2 corresponds to an open, loosely
connected structure and Pi = 3 corresponds to a more highly connected compact structure. P i ~1

Figure 6.5: Wide angle scattering showing effect of MB+ adsorption on HPOX in
H2O. A) Most features of the HPOX scattering are preserved, yet there is
a noticeable shift in the first peak near from 2θ ~7.5° to ~8.0°. B) HPOX
scattering in water can be fit using a single Lorentzian peak to, however
the MB-exposed HPOX in solution (red) requires two Lorentzians due to
partial intercalation of the HPOX layered structure.
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corresponds to scattering from rod-like objects. The scattering exponent directly gives the fractal
dimension, d, as follows: for surface fractals, ds = 6-Pi and for mass fractals, dm = Pi . A two-level

Figure 6.6: SAXS data of HPOX in water with/without presence of
MB+ (symbols) and fits of the UEP
UEP model was applied (over the range 0.003 - 0.4 Å-1) to the H2O-exposed and MB-exposed
HPOX.
The first level, i = 0, describes scattering from the macroscopic nanosheets. Although the
thickness of the individual nanosheets is on the nanometer length scale, the lateral dimension is in
the micrometer range and the total dimension cannot be observed within the SAXS technique’s
observation window. Thus, Rg0 was set fixed at 1000 nm, so the only contribution to the i = 0 level
is the term 𝐵 𝑄

. At low-Q, the Po term due to the large plate-like structures indicates mass

fractal scattering with dm = 2.58, which upon MB+ adsorption changes to dm = 2.86, indicating a
more compact structure than in the absence of MB+.
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The second level, i = 1, describes the size and local surface roughness of the corrugated
nanosheets, which form pore spaces of a similar length scale as the nanosheets pack close together.
The characteristic size is given by an Rg1 = 17.8 nm for HPOX in water, and this value increases
to Rg1 = 18.1 nm upon MB+ uptake. The pore surface has a roughness characterized by P1 = 3.682
±0.004 which does not substantially change (P1 = 3.686 ±0.004) with MB+ uptake. This is
expected since MB+ uptake is believed to be a physical adsorption process and no chemical
reactions take place, which would likely introduce additional inhomogeneities to the surface of the
HPOX. Furthermore, to the X-ray probe used here, the physical adsorption of this particular
molecule does not appear as a change in roughness because there is very little electron density
contrast between MB+ and water, and the main source of contrast is between HPOX and the
MB/H2O solution. For reference, the signal intensity varies as I(Q)~Δρ2, where Δρ is the x-ray
scattering length density (which depends on electron density) difference between two phases under
consideration; for MB/H2O Δρ2 ≈ 1 ∗ 10

Å

whereas for HPOX/H2O Δρ2 ≈ 170 ∗ 10

Å .

6.3.3 Exchange in HPOX interlayers:
The WAXS signal from the HPOX in solution shows a clear shift toward larger 2θ in the
interlayer spacing peak near 7.5° as MB+ is adsorbed (shown in Fig 6.5B). A Lorentzian peak
with a quadratic baseline
Equation 1
𝐼(2𝜃) =

2𝐴
𝜋

𝑤
4(2𝜃 − 2𝜃 ) + 𝑤

+ 𝐵(2𝜃)

was fit to the data in the 2θ range 4.4-10.7°. A single peak (i = 1) was used for HPOX and
two peaks (i = 1, 2) were used for MB-POX. Table 1 presents the fit parameters for the samples.
The results indicate that exposure to MB+ causes a partial intercalation of the HPOX interlayers.
This is evident by observing that the MB+ signal is composed of two distinct peaks. One peak (i
= 1) has a d-spacing of 11.90 Å, similar to HPOX in water (11.83 Å) and the other (i = 2) has a dspacing of 11.04 Å. By analyzing and comparing the relative areas of the MB + peaks, A1 and A2,
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the fraction of MB-intercalated and the fraction of non-intercalated HPOX in the MB-POX can be
obtained.
Table 6.1: Fit parameters for Lorentzian peak for equation 1, samples are HPOX and MB-POX

Sample
HPOX

B
0.16

A1
0.071

w1
1.35

2θ1 (°)
7.47

d1 (Å)
11.83

A2

w2

2θ2 (°)

d2 (Å)

MBPOX

0.18

0.03

1.36

7.43

11.90

0.03

0.66

8.01

11.04

The Lorenztian peak function in equation 1 above captures the wide-angle lamellar
structure and interlayer correlations of the HPOX system. Generally, for a two-phase system, the
scattering intensity depends on the concentration of scatterers, N, X-ray scattering length density
(XSLD) contrast ∆𝜌 between the two phases, and a function 𝐹(2𝜃), which describes the shape and
correlations of the system as follows:
𝐼(2𝜃) = 𝑁(∆𝜌) 𝐹(2𝜃)
For the HPOX system, the area of the Lorentzian curve 𝐴 = 𝑁(∆𝜌 ) 𝐹, where ∆𝜌 =
𝜌

is the difference in XSLD between HPOX and water. Similarly, if we assume the

−𝜌

MB-POX sample contains one fraction 𝑛
fraction 𝑛

with water and H+ in the interlayers, and another

containing MB, then 𝐴 and 𝐴 maybe be expressed as: 𝐴 = 𝑛 (∆𝜌 ) 𝐹 and

𝐴 = 𝑛 (∆𝜌

) 𝐹. Here ∆𝜌

=𝜌

−𝜌

and we treat 𝐹 as a constant because the major

change in the structure of HPOX is whether or not it is intercalated with MB. Imposing the
normalization condition: 𝑛 + 𝑛 = 1, and because 𝐴 = 𝐴 (see Table 1), we obtain 𝑛 =
𝑛 ∗ (∆𝜌

) ⁄(∆𝜌 ) . From this expression, the fraction of the HPOX interlayers containing

H2O is 𝑛 = 0.54 and the fraction containing MB+ is 𝑛 = 0.46. Thus, approximately 54 % of
the HPOX interlayers, which retain an average d1 spacing of 11.83-11.90 Å, are believed to not be
intercalated with MB+, while 46 % of the interlayers have a layer spacing of d2 = 11.04 Å and are
believed to be intercalated with MB+.
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As seen in Fig 6.7, conventional X-ray diffraction patterns of the dry powdered MB-POX
and HPOX materials also show that the layer spacing decreased upon the intercalation of MB +
from 11.86 Å for HPOX to 11.07 Å for MBPOX. Although the HPOX materials were thoroughly
dried in air before the X-ray analyses, some interlayer hydration may remain to account for the
observed increased layer spacing of 11.86 Å vs 8.5 Å for the parent HTiNbO 5.120 However, even
without water as a factor, upon the exfoliation and restacking of HTiNbO 5 to make HPOX, an
increase in the layer spacing of the acid restacked colloid might be expected. This would be due
to the turbostratic nature of the restacking process, which destroys the dense perfect packing of the
layers found in HTiNbO5. By providing more interlayer space, the turbostratic disorder in this
HPOX material may enable a higher degree of interlayer hydration. After intercalation, the
presence of the more hydrophobic MB+ may have driven out interlayer water molecules, and the
loss of H+ during the intercalation of MB+ may also be a factor.
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Figure 6.7: X-ray diffraction (XRD) patterns of HPOX and MB-POX. The reflection peaks
are at 7.45º and 7.98º for HPOX and MB-POX respectively.
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6.3.4 Quantitative analysis of the MB+ dye content in MB-POX
During the MB+ intercalation processes, after 10-15 minutes of titrating with the 50 ppm
MB+ solution, it was apparent that the disappearance of the MB + in the supernatant was no longer
occurring and that the solid MB-POX may have been saturated. To promote the complete
intercalation of MB+ into the HPOX material (under these relatively dilute conditions) the MBPOX materials were then left in 25 ppm solutions of MB+ for 12 h. After removing the supernatant,
the quantity of MB+ dye that was bound inside of the MB-POX was measured by taking the
difference between the supernatant MB+ concentration and the total amount of MB+ that was added
during the intercalation process. However, because the MB-POX materials were rinsed thoroughly
to remove any non-specifically bound MB+, the water from all the rinses were also analyzed to
quantify any removed MB+. Quantification of the MB+ was done via its absorbance at 664 nm
using UV-Vis absorption spectroscopy. The well-rinsed MB-POX solids were found to contain
226 mg of MB+ per gram of HPOX, with a relative error of ±5%. This is equivalent to 795 µmol/g
±5%. By mass, the dye loading on the new MB-POX material is 22.6 %.
To put the MB+ content results into perspective, the following calculations were performed.
Assuming the ideal electrostatics-based formula of MB-POX to be (MB) xTiNbO5, where x = 1,
the theoretical maximum amount of MB+ that can be incorporated by the HPOX was calculated to
be 563 mg/g, which is equivalent to 1979.5 µmol/g. Comparing the experimental result to the
theoretical value, x = (226 mg/g)/(563 mg/g), and therefore x = 0.401. Based on charge this implies
that 40.1 % of the theoretical maximum amount of MB+ was intercalated by the HPOX. If x =
0.40 in [MB]x(TiNbO5), the remaining charge balance (1-x) is equal to 0.60, which represents a
monovalent cation capacity that is being satisfied by other cations within the solid. Considering
the syntheses of HPOX and MB-POX, K+, H+ and TBA+ are the only other cation possibilities.
The acid exchange process of the parent KTiNbO 5 was done extensively, so all K+ should have
been removed. Any K+ present would prevent nanosheet exfoliation and those unexfoliated chunks
of impurities would have been removed during the synthesis. The restacking of the colloidal sheets
was done with strong acid, followed by extensive rinsing with water, so only traces of TBA +, if
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any at all, would have been present in the HPOX material. Therefore, H + is the most likely cation
that is supplying the balance of cationic charge in the MB-POX. As a result, the compound
formula of the new MB-POX composite is believed to be (MB) 0.4H0.6TiNbO5.
Although a result of 40.1 % MB+ in MB-POX may appear to be an incomplete
intercalation, the difference in size between the H+ and MB+ cations could help explain why a
theoretical maximum loading of 100% may not be possible. Given that MB + occupies a much
larger volume than H+ or K+, the intercalated MB+ molecules cannot pack close enough to each
other to satisfy the charge density of the metal oxide layers. The following calculations confirm
this concept. The two-dimensional (2-D) layer structure of the restacked metal oxide sheets and
the 2-D layers of cations held between the sheets suggests an examination and comparison of the
2-D charge densities of a MB+ molecule and an anionic (TiNbO5ˉ )n sheet. According to a
literature report by Hähner the dimensions of a MB+ molecule are 1.69 nm x 0.74 nm x 0.38 nm.68,
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There are several orientations that MB+ molecules can adopt, with respect to the sheets as they

stack together. The existence of MB+ dimerization is suggested by the high loading of MB+ in
MB-POX and is confirmed in the UV-Vis data. This implies that the MB + molecules must be very
close to each other, enabling a high packing density. Several packing arrangements of the MB in
the solid are depicted in Fig 8. Fig. 8a shows MB+ standing upright yet tilted. Fig. 8b shows threelayer stacks of MB+, lying parallel to the sheet layers. Fig. 8c shows MB+ standing vertical with
their long axes perpendicular to the stacking direction of the sheets. The charge density analysis
that follows implies that only the arrangement depicted in Fig. 8a adequately accounts for the
observed data obtained for MB-POX.
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Figure 6.8: Possible arrangements of the MB+ molecules inside the HPOX structure and the
interlayer spacing that would result: a) tilted, b) horizontal, and c) vertical

A charge density analysis requires the use of the 2-D foot print size of the MB + molecule
as it interacts in its various orientations with the surface of a 2-D sheet. The 2-D charge densities
of the metal oxide sheet and the MB+ molecules are also utilized, however, it is convenient to take
the inverse of the charge densities to obtain the square area per charge ratios. A previous study
reported surface area per charge ratio of a single (TiNbO5ˉ )n sheet as 0.123 nm2/charge.51 In the
upright orientation of the MB+ with respect to the sheets, with MB+ standing vertical on the end of
the long axis (see Fig. 7b), each MB+ would require a footprint (surface area) of 0.281 nm 2.
Therefore, for this orientation, the inverse two-dimensional charge density of the singly charged
MB+ is 0.281 nm2/charge. For this same vertical orientation, a comparison of the value of the
square area per charge ratio of the sheet to that of the MB+ finds that the MB+ requires 2.286
times more square area per charge than the sheet offers. In other words, for this orientation, the
maximim loading capacity of the HPOX for MB+ is, (0.123 nm2/charge) / (0.281 nm2/charge), or
43.74%. Relative to the electrostic theoretical maximum of 100 %, 43.74% is close to the
experimentally measured value of 40.1% found in the new MB-POX material. Likewise, for a flat
horizontal orientation of MB+ in between the sheets, using a footprint of 1.69 nm x 0.74 nm, a ratio
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of 1.25 nm2/charge is calculated. For this horizontal orientation, the MB+ requires 10.17 times
more square area per charge than the sheet offers, and this translates into a potential loading of
about 9.8 %, relative to the theoretical maximum based on electrostatics. These calculations imply
that the footprints of MB+ in either orientation described do not permit MB+ to fully charge
compensate the anionic charge on the (TiNbO 5ˉ )n sheets, resulting in partial intercalations.
Therefore, it is likely that the balance of the positive charge in MB-POX is supplied by H + (or
H3O+) and that a formulation of (MB)0.4H0.6TiNbO5 is reasonable.
It is possible that the MB+ molecules could be stacking on top of each other horizontally
in multilayers in between the oxide sheets (see Fig. 6.8b). This would result in a loading of MB
of 33.9%. As the vertical orientation described above produces a higher loading of 43.74%, it is
considered to be more likely, as it more closely aligns with the quantitative analysis data. Also, if
the MB+ were lying down horizontally in stacks of three, the expected layer spacing would be d =
1.14 nm. The X-ray data on MB-POX show that the d-spacing between the layers of sheets is
1.104 nm, so the triple stacking of MB+ is not as likely an arrangement. However, if the MB+ are
standing vertical and on end (Fig. 6.8c) as described earlier in the charge density discussion, the
expected d-spacing would be around 1.69 nm, which does not fit the X-ray data of 1.104 nm. If
the vertical on end MB+ molecules were tilted at an angle of 49.6° from the normal to the layer
(see Fig. 6.8a), then the d-spacing of the layers of metal oxide would agree with the X-ray data
and be equal 1.104 nm. Tilted MB orientations at similar angles have been reported by others. J.
Ma et al. reported the interlayer spacing for single layer MB incorporated into calcium niobate
nanosheets was 1.22 nm, and the tilt angle was 46° from the normal to the layer. 110
Incorporating dyes onto metal oxides can be used for a variety of applications. To provide
additional perspective and for easier comparison to the literature, in the following theoretical
calculation we have treated the observed MB+ loading as if all the MB+ were exclusively surface
adsorbed with none present as intercalated between nanosheets. This theoretical calculation also
highlights the ability of HPOX to uptake large amounts of MB+. Using the dimensions of MB+ as
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above, if MB+ surface adsorbed by lying flat on the surface, the footprint of this horizontal
orientation of an individual MB+ molecule is estimated to be 1.251 nm2. Assuming that the porous
material’s available surface area can be completely covered by a monolayer of MB + molecules,
the maximum number of molecules that can be surface-adsorbed is equal to the total available
surface area of the material divided by the footprint area of a MB+ molecule. Here we have used
an HPOX surface area of 150 m2/g, which is an estimate based on previous reports of the same
material from our lab.59 However, the HPOX and the MB-POX samples synthesized in this study
were never dried, so a surface area of 150 m2/g is an estimate. Using these numbers and the
orientation stated, the theoretical maximum surface-only adsorption of MB + is calculated to be
199.17 µmol/g. As presented above, the analysis of the content of MB + in MB-POX was found to
be 794.65 µmol/g. If 794.65 µmol/g were surface-only adsorbed, then the surface coverage
efficiency would be (794.65 µmol/g) / (199.17 µmol/g), or about 399 %. Even though HPOX has
a reasonably high surface area, the internal area in between the layered overlapping sheets is
greater than the external surface area.
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6.3.5 UV-Vis and Raman Spectroscopy
Figure 6.9a shows a transmission UV-Vis absorption spectrum of a methylene blue
(methylthioninium chloride) solution in water. The absorption maximum of the MB + monomer in
water appears at 664 nm.62 In water, the naturally occurring dimer of MB+, (MB+)2, exhibits an
absorption peak at 605 nm.62 As the two cationic MB+ molecules associate into a dimer, the
positive charge on the sulfur atom in each MB+ molecule likely interacts favorably with the π
electrons of the opposite MB+ molecule, thus altering the energy of the π electrons, resulting in a
blue shift the π to π* electronic transition, seen as the dimer absorption band in the red region at
605 nm. Figure 6.9b shows a UV-Vis diffuse reflectance (UV-Vis-DRS) absorption spectrum of
a dried film of the MB-POX material. The MB-POX spectrum shows two peaks. One peak is at
601 nm, which appears to correspond to the closely interacting MB+ molecules (possibly as
dimers), and a second peak is at 686 nm corresponding to the monomers. Compared to the (MB +)2
dimer in solution, the peak at 601 nm in MB-POX is blue-shifted by 4 nm, which may be due to
the presence of higher order MB+ aggregates. The possibility of more than two MB+ molecules
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Figure 6.9: UV-Vis spectrum of (a) aqueous methylene blue chloride and (b)
the UV-Vis-DRS spectrum of MB-POX
123

exhibited a significantly high loading of MB+, therefore it is likely that many of the MB+ molecules
are in close proximity to each other in the solid, packing as dimers, trimers, or higher aggregates.
Furthermore, the SAXS data suggests that there are large regions in the MB-POX material, where
the intercalated MB+ completely fills the interlayer regions.
The MB-POX also exhibits a UV-Vis-DRS absorption peak at 686 nm (Fig. 6.9b).
Although red-shifted by about 22 nm as compared to MB+ in solution, this absorption is likely due
to the MB+ monomer within the solid. The reason for the red shift in this peak could be explained
by the interaction of the cationic monomers with the negatively charged (TiNbO 5ˉ )n nanosheets.
The anionic nanosheets may contribute some electron density to the MB +. Such a sheet-monomer
interaction would lower the energy of the MB π - π* transition, thus causing a red shift in the
absorption peak. According to literature, the doubly protonated methylene blue absorbs light at
around 775 nm. The absence of this peak in the present UV-Vis data further supports that the
protons (H+) inside the MB-POX were probably co-intercalated with MB+ rather than being
bonded directly to the MB+ molecule.
Raman spectra of the HPOX and MB-POX materials are shown in Fig. 6.10. HPOX is
composed of restacked nanosheets (TiNbO5ˉ )n, which are in random orientations.

The

(TiNbO5ˉ )n nanosheets are chemically identical to the metal oxide layers in the parent material,
KTiNbO5. Instead of K+, HPOX has H+ sandwiched between the restacked nanosheets. The
(TiNbO5ˉ )n nanosheets are composed of edge shared and corner shared TiO 6 and NbO6 octahedra.
On the basis of previous Raman spectroscopic studies done on KTiNbO 5,122 the following peak
assignments were made for the as-prepared HPOX and MB-POX materials. The HPOX spectrum
also exhibits the three characteristic bands found for KTiNbO 5. For KTiNbO5, they are 543.8 cm-1
(Ti-O-Ti), 656.4 cm-1 (Nb-O-Nb), and 891.7 cm-1 (Nb=O). In the HPOX spectrum shown (Fig.
10 b), these bands correspond to the 537 cm-1, 661 cm-1, and 882 cm-1 bands, respectively. The
nature of the interlayer ions in layered transition metal oxide materials has been shown to modify
Raman spectroscopic features. Therefore, the shifts in the spectral peak positions of the three
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characteristic bands found in KTiNbO5 vs. HPOX are expected. For the MB-POX material, the
corresponding bands appear to be at 480 cm-1, 679 cm-1, and 906 cm-1. The MB-POX band at 480
cm-1 (Ti-O-Ti) exhibits a large shift of 57 cm-1. The presence of the MB+ in the interlayer may
also produce distortions in the TiO6 octahedra and in the planarity of the restacked nanosheet. 122
After the intercalation of MB+, the terminal Nb=O bond vibration shifted from 891.7 to 906 cm -1.
This shift may have resulted from the loss of the H+ interaction replaced with the interaction of
interlayer MB+ with the negatively charged oxygen on the Nb=O.
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Figure 6.10: Raman spectra of MB-POX (top) and HPOX (bottom).

6.3.6 Thermogravimetric Analysis
Shown in Fig. 6.11 are thermogravimetric (TGA) analyses performed for the HPOX
material and for MB-POX. In both cases the temperature range scanned was 25-1200 °C. In the
HPOX, the mass loss from 25-200 °C was ascribed to the evaporation of surface bound and
internally trapped water. The mass loss above 200 °C was attribute to a topotactic dehydration
reaction that can occur in the interlayer of this material at elevated temperatures. 86 HPOX is
essentially similar to the unexfoliated HTiNbO5, however, HPOX has a porous structure. The
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following reaction summarizes the topotactic dehydration reaction that transforms HTiNbO 5 into
Ti2Nb2O9.
2 HTiNbO5 → Ti2Nb2O9 + H2O
In the MB-POX material, the mass loss from 25 to 150 °C is also attribute to the evaporation
of surface and internally trapped water.

The mass loss above that was attributed to the

decomposition of organic material in the intercallated MB+ dye. The majority of the mass loss
occurred above 150 °C and continued up to 973 °C. The mass loss in MB-POX was about 12 %
and the rate of the loss appears to be more gradual than other MB + intercalated materials reported
in the literature, indicating that the MB+ inside MB-POX appears to be stabilized by the host’s
layered oxide environment.
100

a) MB-POX

95

Intensity

90
85
80
100

b) HPOX

96
92
88
150

300

450

600

750

900

o

Temperature ( C)

Figure 6.11: Thermogravimetric analysis (TGA) curves for MB-POX (top) and HPOX
(bottom)
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6.4 Conclusions
The acidic porous oxide, HPOX, was successfully synthesized by acid restacking
exfoliated KTiNBO5 colloidal nanosheets. The HPOX solids were successfully intercalated with
methylene blue (MB+) in water. HPOX demonstrated a high affinity for MB+, intercalating 226
mg/g ( = mg MB+/g of composite, or 794.65 µmol/g) from dilute solutions within minutes to yield
a unique MB+ loaded porous oxide, MB-POX. Quantitative analyses, X-ray diffraction, smalland wide-angle X-ray scattering (SAXS/WAXS), Raman spectroscopy and TGA data for the MBPOX material corroborate that MB+ was intercalated in between layers of (TiNbO5ˉ )n nanosheets
in the HPOX host. For a large fraction of MB-POX, the predominant arrangement of the
intercalated MB+ molecules as packed together standing upright on their long axes, yet tilted at
49.6° relative to the stacking plane of the nanosheets. The balance of the MB-POX solid is likely
intercalated with a mixture of H+, MB+ monomers and MB+ dimers. Compared to a theoretical
maximum loading based on electrostatic parameters, quantitative analyses indicated that cations
in MB-POX were 40 % MB+ and 60 % H+, which led to an MB-POX empirical formula of
(MB)0.4H0.6TiNbO5. Structural analyses using small angle X-ray scattering (SAXS) indicate that
the interlayer spaces of MB-POX were composed of two phases, one with predominantly MB +
corresponding to 46 % of the total interlayer volume, and a second phase consistent with an
interlayer composition of hydrated H+ and possibly monomeric MB+ corresponding to 54 % of the
total interlayer volume. All SAXS measurements were performed in water, which led to the
hydration of the interlayer regions of HPOX and of the MB-POX regions where H + was located.
The facile hydration of HPOX and its open pore structure may enhance the intercalation kinetics
of this material by producing pre-expanded interlayer spaces and improved mass transport within
the solid for subsequent ion exchange. This is the first report of a methylene blue metal oxide
composite synthesis that uses an acid-restacked layered metal oxide material as the initial host for
a subsequent intercalation of MB+. The synthetic strategy explored here can be applied to create
similar composites with other layered oxide materials and dyes, which may be useful in the study
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of electron transfer mediation, sensors, redox indicators, pigment stabilization, or for
photocatalysis.
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Chapter 7
Conclusion and future work

We have synthesized visible light sensitized wide band gap photocatalysts from two
different kinds of semiconductor layered oxide materials, one is KTiNbO 5, and the other one is
K4Nb6O17. The sensitization technique developed is the first of its kind. This technique enabled
the incorporation of the maximum amount of sensitizer loaded inside of the restacked porous metal
oxides. Structurally, the two porous metal oxides were different. The exfoliated KTiNbO 5 used
produced nanosheets, which were restacked using cationic dyes to make sensitized porous oxides.
The exfoliated K4Nb6O17 produced nanotubes, which were also restacked using cationic dyes to
make a nanotube-based sensitized porous material. The sensitizer used in both porous materials
was Ru(bpy)32+. In the case of the sensitizer restacked KTiNbO5, we also tried a different sensitizer
dye, which was a porphyrin-based. A new way to add metal nanoparticle co-catalysts was also
developed. This technique involved using visible light on the new sensitized photocatalyst to
photo reduce metals from solution onto the surface of the new oxides. The new photo catalyst
exhibited exceptional performance in the photolysis of water to make hydrogen gas. Quantum
efficiencies as high as 41.2 % were achieved, and furthermore the durability of the catalyst over
several days was excellent. The ruthenium-based dye-sensitized restacked nanosheets showed
more efficiency than restacked nanotubes. The sensitization technique developed is general, and
the same methodology can be used with other layered metal oxides, some of which are already in
progress in our lab. Future work in this area will include exploring the use of porphyrin-based
sensitizers in the restacked nanotubes system. A solar concentrator could be used instead of a lab
scale xenon arc source, to test the catalyst in real natural light. This work has established that high
efficiency dye-sensitzed photocatalysts for use in water photolysis to generate hydrogen fuels is
viable, solving some vital issues that were impeding the development and deployment of solar
energy fuels. Other work in progress includes the testing of other cationic dyes.
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We have also synthesized another porous metal oxide form KTiNbO5, reported in Chapter
6. This wet porous metal oxide has shown exceptional properties for the uptake of methylene blue
molecules from water solutions via adsorption and intercalation. The methylene blue intercalation
method was very fast and completed in a matter of minutes. Future work on these materials will
include the study of the kinetics of metal cation uptake. The results of all this work opens up new
possibilities in the fields of dye-sensitized solar cells, photo electrochemical cells, sensors,
catalysts, and environmental remediation.
Future studies on new dye sensitization is still vital for the design of a stable visible light
photocatalyst. This research work initiates an effective way to solve the previous limitations of
dye-sensitized photocatalysts. The results shed light on new techniques that can be used to make
efficient and stable photocatalysts for solar hydrogen generation. Research in this area still needs
collaboration from engineers and chemists to improve reaction processes and catalytic
performance for making hydrogen fuel from renewable resources for commercial use.
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